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TECIINICAL MEMORANDUM X- 64663

SUPPLEMENT TO THE ICRPG TURBULENT BOUNDARY
LAYER NOZZLE ANALYSIS COMPUTER PROGRAM

INTRODUCTION

This document scerves as a supplement to Reference 1 and contains an
additional detailed deseription of the Turbulent Boundary Layer (TBL) Nozzle
Analysis Computer Program, developed by Pratt & Whitney Aircraft and
recommended by the Joint Army, Navy, NASA, Air Force (JANNAF) Perform-
ance Standarization Working Group as a standard refercnce,

Among other losses occurring in a rocket thrust chamler, the viscous
effects in the boundary layer contribute significantly to the performance
degradation. It is the objective of this analytical model to determine the _
necessary boundary layer parameters which permit the calculation of the
thrust deficiency. .In order to treat the boundary layer behavior.the edge
conditions, the wall temperature distribution, and the nozzle geometry must
be known. Results can only be obtained for a boundary layer development
along a solid-wall surface area without any film or transpiration coolant flow
introduction. Heat transfer calculations which are also performed in this

analysis are not very precise and have only a secondary effect on the perform-
ance degradation.

This supplementary document starts with a description of the basic
calculation sequence. Then the necessary computer program input parameters
and calculation options are characterized, followed by a summary of the analyt-
ical results printed by the program. The subsequent section headed by a flow
chart showing the coordination of all subroutines in the calculation process
contains a detailed description of each subroutine. After a brief narrative,
outlining the purpose of the subroutine accompanied by important physical
equations, the subroutine from a programming aspect is presented. All
common blocks used in the subroutine, the subroutine calling, the subject
subroutine, as well as the subroutines called by this subroutine, computer
library routines, and program built-in library routines, and the calling
sequence are specified. The underlined parameters in the calling sequence
represent the terms solved for in the subroutine called, Then the step-by-step
calculation process in accordance with the computer program listing is reported.
The symbols used in the expressions in the subroutine are listed in the front of
this report. In the appendix a detailed derivation of the important equations
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used in the analysis [1] is presented. This document in connection with
Reference 1 should provide the user of the subject computer program all
necessary information to apply the program successfully or to incorporate
modifications for specific problems.,

ASSUMPTIONS

The analytical model and associated equations are based upon the
following assumptions:

1, The flow is steady, two-dimensional, or axisymmetric.

2, The boundary layer is confined to a distance from the wall which is
small compared with either the distance from an axis of symmetry or the
height of a two-dimensional channel,

3. The cnly forces acting on the gas are those caused by pressure
gradients and skin friction on the wall.

4. The only changes in total enthalpy are those caused by heat flux
through the wall,

5. The flow immediately outside the boundary layer is isentropic and
one ~.dimensional parallel to the wall,!

6. Pressure is constant through the boundary layer perpendicular to
the wall,

7. The gas follows the perfect gas law and either has constant specific
heat (calorically perfect) or is thermally perfect [Cp is a function of temper-
T
ature only and H = f Cp(t)dt] .
0

8. The gas has a constant Prandtl number, a viscosity which varies
as a power of th> temperature, and an adiabatic recovery factor equal to
Prandt] number to the one-third power. 1

‘These assumptions are to be improved.




9, The skin friction coefficient is the same as for constant-pressure,
constant-wall temperature flow on a flat plate at the same frec-stream
conditions, wall temperature, and momentum thickness.?

10. The Stanton number is the same as for constant-pressure,
constant-wall temperature flow on a flat plate at the same free-stream .condi-
tions, wali temperature, and energy and momentum thicknesses, *

11, The Stanton number for unequal momentum and energy thicknesses

is that for equal thickness multiplied by (¢/ 6) 1 where 1 is 2 small interaction
exponent;.2

12, Heat transfer has no effect on skin friction. The term Cf is the
same as for adiabatic flow.?

13. The Stanton number for equal momentum and znergy thicknesses

is related to the skin friction coefficient by von Karman's form of Reynold's
analogy.

14, Any chemical reactions in the boundary layer affect only the
driving enthalpy potential for heat flux whicii can be reflected in the C
versus T curve,

15. The boundary layer shape parametersd/ 0, A/8, and é*/ are
those for 1/n-power profiles of velocity and of the difference between stagna-
tion and wall enthalpy. The exponent n is automatically set equal to seven _
unless otherwise specified in the input. .

CALCULATION PROCESS

The objective of the analysis is the generation of the necessary param-

eters to determine the thrust decrement AFB L resulting from the existence

of a turbulent boundary layer along the nozzle wall. The thrust deficiency s
relationship o ‘

R S R LY
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*These assumptions are to be improved.

AT B g S -

R ToSERn. - T, LTSN, WY B TR e




i 6 +* P
1 AY = (2#1*/)\120 cos oz) < 1 -~ —2->
' : B. L. exit 0 pu exit

which is presently not included in the computer program basically represents
the summation of the shear stress along the nozzle wali, However, this
summation can be zorvelated to nozzle exit flow parameters as the derivation
in the appendix indicates, In the previous cquation only the momentum thick-
ness 0 and displacement thickness 6 * are representative expressions
resulting from a boundary layer analysis, while the remaining parameters
identify potential flow conditions at the boundary iayer cdge.

The heat transfer rate to the nozzle wall at any loeal station, expressed
by the following relationship

Uy = CHchc(Haw - Hw) ’

is another important result of this program, Its integrated quantity along the
wall indicates the energy which is either lost or recovered, depending on the
cooling concept applied, .

Subsequently, the important equations are listed which must be solved
within the computer program.

Momentum equation

o dr \2 1+ 6% 90, 1 dleU) 4
_—T e—— 1+ - - 9 + + —_-— .
dx 2 dx r dx

e e ¢

Energy equation

FUU YL NG

.d_-¢= c HaW - HW i d_r 2 ;:
dx H\H -H (dx) 3
o w ;
N d(p U.) L1 dr 1 dH_ . :
- p U dx r dx H -~ H dx ’
e e o) w

where

o




Momentum thickness:

: o 5t

| * 5 §

! 0=f S—IT— (1-—ﬁ->dy ’
! (o] e e e

Energy thickness:

6 -
¢=fr pu <1_u\

H-H/dy .
o] e e (o] w

The power law profiles assuming a 1/7 exponent are used for the
velocity and enthalpy profiles.

!
i [y /7 5
T s fory = H
]
-Ul=1 fory >0 :
e
P -n, b
= - (X fory =4
0 w
- {
ho-HW
'H—_—-I_-I-—=1 fory> A .
o w

With a given nozzle contour r = r(x), the free-stream velocity U,

and density p, are calculated at each axial distance x using the input Mach

number M = Me(x) . The skin friction coefficient ﬁf and Stanton number Cy

are also obtained using empirical relationships.




ﬁl

e = R
R 2P
A

oy

Computation of the following parameters
1, Momentum thickness
2. Energy thickness

3. Displacement thickness

4, Temperature thickness

h. Velocity thickness

PP Ea e yrrtan

7. Adiabatic wall enthalpy

is performed by using the ideal gas equation
P = pRT

and enthalpy relations

T
H= [ c(t)da,
(o]
o

o8
H = D T, for calorically perfect gas,
or
2
Y, Ye
= H + (P 3
How (Pr) 2gJ °

0 = 0(x),
¢ = ¢(x),
0% = 6% (x),
A = A(x),
5 8 (x),

6. Tempcrature or density distribution at the boundary layer edge

Haw - Haw(x)
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= Sequence of Calculation

All equations used in the caleulation process are presented in Reference
1. In the appendix of this document a detailed derivation of important equa-
tions is given, and the equation number is related to the same one used in
Reference 1. Subsequently, the caleulation sequence used in the computer
program is outlined and schematically shown in Figure 1.

1. Input values such as thrust chamber opcrating conditions and
stagnation propertics (PO, T o Vo By and Pr)’ the nozzle contour r = r (x),

the free-stream Mach number distribution Me = Me (x), and the specific
heat versus temperature relationship Cp = Cp (t) are necessary require-

ments. To start the computer program calculation, initial assumptions for
the momentum and energy thickness must be made, and appropriate option
indicators must be set.

dMe dt
ing inte . —_—
2. The following intcrmediate values Me’ el Te’ el Pe" Cpe’
dH du dp dH

e e e w .
He’ = Ue’ ' P I P Haw’ Hw’ and 5 are then internally

determined by ihe program using the associated equations outlined in the
following section.

g

3. The important parameter { = <-5 , varied internally during
iteration loops, is utilized to calculate the boundary layer thicknesses such as
A, 6, 0%, and 0*/6 at a specific location of the nozzle wall,

4. With empirical relationships the friction coefficient Ef and the
Stanton number C u are determined by iteration. These parameters must

be known to calculate the heat transfer rate qw.

_ .
L R R Y o~ el 3

5. Now the Rungc-Kutta-Gill method is applied to predict an energy
and momentum thickness (¢ and 0) as a new approximation for a new down-

stream location x = x + AX,
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1
©
- Pinitial |/
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initial
X = x + Ax
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® BARPRO O S
o XNTERP e gy O g e oper e gt Te gy
o GETPT
o. SEVAL dp, dHy, 4, ,
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4
© h
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@ BARPRO
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FIIF
O) Y
@ BARPRO _
e CFEVAL Cr = Cr(Rg), €y = Cy(Cy, 9, 6, Pr)

Gw = CHPe Ue (Haw - Hy)

@ BARPRO

@ C ar\2 | % 1+ 8%0 du,
— 23— l + —) — 0 ——
« 2 dx U, dx

9. c Hyw - Hy, dr \2 "2 1 deUe) g 1 dH,,
==yl —— )| 1 + (5 - =— Ll B
dx Hy - H, dx peU,  dx t dx H, - H,, dx

- -

Y ‘
I dpgU) e §

—_—t — + — =
peUe dx rdx %

f

o ¥

F

© !

[BARCON]

0(x). ¢(x). 8*%(x), A(x), 8(x),

Figure 1. Calculation sequence used in the computer program.
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6. The previously outlined computation procedure is repeated using the
initial approximations from paragraph 5.

In Figure ] the previously outlined steps are shown in a diagram format,
On the left-hand side of each step, the calling subroutine (in brackets), the
exccuting subroutine (marked by a solid bubble), and the assisting subroutines
during the calculation process arc outlined.

Boundary Layer Edge Conditions

From the chamber stagnation data, the Mach number distribution along
the nozzle wall and specific heat versus temperature relationship additional
static flow and thermodynamic properties ('ye, Te’ Pe’ Ue' pe) must be gener-

ated to permit the calculation of various integrals as shown in Block 3 of Figure
1. The local specific heat is determined in subroutine GETPT. At any local
dM

station x the Mach number M , its derivative sz’ and the first derivative of
e

Te’ dTe/dx are obtained from a quintic spline interpolation routine., In
addition, using the definition of enthalpy,

U 2

e
= 4 e
I‘Io He 2gJ °’

the free-stream velocity is calculated

U, =J2Jg(HO - H), '}{
where »
T 4

e -

H = H + [ c(t)dt~ 4

e i p :

T, :

Differentiating the previous equation with respect to X, one obtains

dH daT
e

e
dx Cpe'a?'

a
T




Differentiating the original enthalpy cquation results in

dUC dHe
R el il A

Substituting the right-hund term by the previous expression, the
following « quation used in Block 2 of Figure 1 is obtained,

au drT

e _ . e
Ved@ = - Cpc = &
The derivative of the free-stream density Py = P, (x) is determined

by means of the ideal gas equation

If the density change is considered to be very small for a small distance
Ax along the boundary layer edge, the derivative can be approximated by

do,  p(x) - p (x - Ax)
dx Ax *

In order to solve the momentum equations in step 5 of the preceding
section (Sequence of Calculation), the value of &%/ must be given. Equa-
tions (89) and (119) of Reference 1 are used to determine these quantities.

Future Improvements

1, The TBL progran: uses only the free-stream Mach number Me as

a function of axial nozzle length to describe the boundary layer edge condition,
All the other important thermodynamic and fluid dynamic properties are calcu-
lated from the Mach number profile, Furthermore, the molecular weight,
represented by the specific gas constant, is assumed to remain constant
throughout the calculation process,

© M g e £ 1SS
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It is recommended that the free-stream parameters such as static
temperature ’I‘v , static pressure PO , local density Po static enthalpy

He , local specific heat ratio Voo and the local molecular weight should be

input to the program which more accurately represents the boundary layer
cdge condition,

2. The cquation representing the thrust decrement caused by the
boundary layer should be implemented into the program.

3. The relation between the skin friction coefficient and the Reynolds
number used in the TBL program is based upon low-speed flow data without a
pressure gradient. Furthermore, operation of the computer program revealed
that during numerical itcration the skin friction coefficient showed different
values when the Reynolds number was greater than 10%, In order to avoid this
problem, it is recommended that the Blasius equation [ 2,3] be used because
it satisfies experimental low-speed flow data quite well. The Blasius equation
reads

® _ o0.0128 b Re = - Yve?
2 Ree“5 w 9 m ’

where the density p and the dynamic viscosity ¢ are based upon either the
free-stream temperature or Eckert's reference temperature [4,5]. Cebeci
[6,7] provides another analytical approach to determine the skin friction
coefficient, which is compared to some test data.

For supersonic turbulent flow with a pressure gradient, the following
maodified Blasius equation is recommended

c = 2_:_018
f RelO®
0
where
Po Uy, 90
Re, = .
0 [

This equation describes experimental results obtained by Brott [8] adequately.

11
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4, The presently used constant power law associated with the veloeity
and enthalpy does not adequately represent the flow condition espeeially at high
Mach numbers and for a cooled wall [8-10], Therefore, it is recommended
that a variable exponent 1/n as a function of the Mach number be incorpo-
rated into the caleulation process,

H. Presently a constant Prandt]l number is input to the program, Since
the speeific heat and the molecular weight change during the expansion process
in o rocket nozzle, it is recommended that the Prandtl number be internally
caleulated according to the equation

where R& represents the universal gas constant and 9 the mean molecular
weight.

TBL COMPUTER PROGRAM DOCUMENTATION

Tables 1 and 2 describe the TBL computer program input variables
and the results printed out by the program, Figure 2 shows the TBL computer K4
program subroutine linkage., A description of the individual subroutines in the "
computer program is given in the next sectior,

<
¥
2
:
-
.
:
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TABLE 1. TBL PROGRAM INPUT

Symbol Desceription Units

1. Physical Properties at Stagnation Condition

' PO Po Stagnation pressure 1hf/ft?
'1‘0 TO Stagnation temperature "R
Yo GAMO Speeifie heat ratio
at stagnation condition
v ZMU0 Viscosity at stagnation Ihm/(sce-ft)
° condition

Pr PRANDT| Prandl number —
R RBAR Gas constant (ft-1bf) /(1bm-°R)

2. Contour Geometry . r = r (x)
r YITAB Radius table ft
X XITAB Axial distance table ft

3. Mach Number in Free Stream M, = Me(x)

Me ZMTAB Mach number table S

4, Table of Specific Heat cp = Cp(T)

C CPTAB | Specific heat table at Btu/(lbm-°R)
P constant pressure
T TCTAB Temperature table °R

corresponding to the . .
above CPTAB

5. Constant Values

J FJ Conversion factor (ft-1bf) /Btu
between thermal and
work units

g G Proportionality constant| (ft/sec?) (lbm/1bf)
in cquation F = (M/g)a
(acceleration of gravity)

13
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TABLE 1, TBL PROGRAM INPUT (Continued)

Symbols Deseription Units
5. Constant Values (Concluded)
n MZETA Veloceity power law 1/n —_—
exponent G/Uc = (y/8)
m ZMVIS Exponent in viscosity- e
temperature rollzylltion
piw = (T/T )
o 0 0
n ZNSTAN Interac.ion exponent in Stanton —_—
number relation
6. Initial conditions
initial THETAI Initial momentum ft
' thickness
. ... PHII Initial energy ft
initial thickness
7. Wall Temperaturc (for Option ITWTAB = 1)
Tw TWTAB Wall temperature table °R
8. Maximum Length of Step Size g‘
S
P
DXMAX Maximum length of ft :’Q
step size -
9. Toleranccs for Iteration Loops
TOLCFA Tolerance in C_, .- C_ R —
. . f fo N
iteration loop
TOLZET Tolerance in ¢ iteration loop —_—
TOLZMF Tolerance used in gas property —_—
evaluation loops
14 i
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TABLE 1. TBL PROGRAM INPUT (Concluded)

Option Indicators

1. Wall Temperaturc Options
ITWTAB = -1 T - adiabatic wall
temperature (°R)
0 T, = constant (°R)
=1 T ST (R
2. Plane or Axisymmetric Flow Option
EPSZ = 0. Two-dimensional
= 1, Axisymmetric
3. Print Option
IPRINT = 0 Prints only at input values of x
= 1 Prints at all calculated subintervals
4. Number of Points in r, x, and M Tables
IXTAB 4 = IXTAB = 500
5. Specific Heat Options
ICTAB = 0 Cp = constant
= (3 = ICTAB = 20) Number of points
in Cp versus T table
6. Multiplier to Dimensionalize r and x Tables

The computer program operates with dimensional quan-
tities of r and x. If normalized values r and x are
input, the multiplier SCALE must be input in feet to
internally calculate dimensionalized values of r and x.
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called for by subroutine BARPRO.

At every printout point the program prints six groups of quantities

TABLE 2, TBL PROGRAM OUTPUT

; Symbol Description Units
_ 1. Contour Properties
X Axial distance ft
) XLARC Actual nozzle wall length ft
! referenced to the first x value
YR Radius or height of ft
‘ contonr at X
‘ YRP Slope of contour —
2. Flow Properties
ZME Mach number -
TE Static temperature °R
™ Wall temperature °R
TAW Adiabatic wall temperature °R
ZMEP Mach number gradient 1/1t
E UE Free-stream velocity ft/sec
'- PE Static pressure 1bf/ft?
, : ‘. 3. Boundary Layer
:'_.'Zt'-" DEL'TA Velocity thickness & ft
o BDELTA Temperature thickness A ft
i DELSTR Displacement thickness &* ft
o THETA Momentum thickness 0 ft
: PHI Energy thickness ¢ ft
DELSOT Shape factor §*/6 -
4, Heat Transfer
HG Heat transfer coefficient h Btu/(ft’-sec-°R)
QW Local rate of heat transfer Btu/(ft?-sec)
9, to the wall
SUMQDA Integrated heat transfer Q Btu/sec
' rate to point X (axisymmetric)
o Btu/(sec-ft)
- (planar)
: : 16
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TABLE 2, TBL PROGRAM OUTPUT (Concluded)

for two-dimensional planar flow

Symbol Description Units

‘ 4, Heat Transfer (Concluded)

| FFORCE Drag force in axial Fx dircction 1bf
FLAT Foree normal to X direction F Ibf

5. Internal Integrals

ZETA, 711,
712, 713,
Z12P, ZI3P,
714, 715,
716, 717,
ZI11P

6. Cocfficients

CFr

CH

RTHE

RXLN

RPHI

RDLS

Skin friction coefficient C

Stanton number CH t

Reynolds number based on momentum

thickness R 0

Reynolds number based on wall
length RX

Reynolds number based on energy
thickness R 5

Reynolds number based on
displacement thickness R 5%

as follows:

XCCP

YCCP

A new contour table is printed, corrected by displacement thickness

Array of corrected normalized axial distance points

If the sonic point start procedure is used, the initial values of momen-
tum thickness, THETAI, and energy thickness, PHII, are printed.

Array of corrected normal contour points normalized by the

potential throat radius.

S - U USSR ——
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Description of TBL Program Subroutines

SUBROUTINE BARCON

Subroutine BARCON accepts initial conditions and executes 2 Runge-
Kutta solution for the boundary layecr along the contour.. The initial conditions
are set

¢ =¢0’9:BO’ at X=XO¢

A step-size AX, used to increment the axial coordinate x, is determined from
the input quantity Axmax and the local entries in the x-table, Having two

first-order ordinary differential equations
Tde d
l:a-x = £(x, 0, ¢) andd_ﬁ = g(x, 0, ¢):|»

and using subroutine BARPRO to evaluate the derivatives, a four-term, Runge-
Kutta numerical solution is used,

Derivation of corrected axial distance and contour radius is shown in
the diagram below,

oo, g N

- - P X
NOZZLE CONTOUR rix) ;
o 5" £
. "t
$ = XLARC 3
$
The corrected contour radius is
r'(x) = r(x) ~ 6% cos B,
é,
i
{
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where

ds’

cos B

ds? = dr? + dx?,

. and
ds _ /14 512.)
dx (dx
}. Thus, one obtains
O*
r'(x) = r(X) - ————— « YCCP.
1+ (-(-1-{)2
dx
The corrected axial distance is
x' = x + 6% sin 8,
where
. _dr  dr/dx _ dr/dx
Sin f =35 = &/dx - —
1+ ( -3)
dx
Thus, one obtains
or 4T
X' = X <+ dx - XCCP .
dr)
1+ (=
(&

COMMON BLOCKS

20

COMMON blocks INPUT, INTER, LOOKUP, OUTPUT, and TABLES

are used,
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TBL SUBROUTINES
Subroutine DIRECT calls BARCON,
BARCON calls subroutines BARPRO, QUITS, START, AND XNTERP,
FORTRAN SYSTEM ROUTINES
FORTRAN library routines ALOG and SQRT are used.
Built-in FORTRAN library routine ABS is used.
CALLING SEQUENCE
The subroutine calling sequence is:
CALL BARCON
SOLUTION METHOD
Compute the cubic root of the Prandtl number.
1. PRE103 = (PRANDT)%
Compute term in denominator of the Stanton number,
2. CHPAR1 = 1.0 - PRANDT + Ln ((6.0)/((5.0)(PRANDT) + 1.0))

3. MZETAM = MZETA -1

Save the value of exponent in velocity profile. 4
4, ZMZETA = MZETA u;
5. ZMZETP = ZMZETA + 1,0

6. ZMZETM = ZMETA - 1.0

e ey ¢

7. RMZETA = (1.0)/(ZMZETP)

8. OOMZET = (1.0)/(ZMZETA)

21 )




M S Set the initial value of axial distance.
9. X = XITAB(1)
Set the initial value of the diffcrence of axial distances.

10, DX = 0,0

Set the initial integrated heat transfer rate.
12, SUMQDA = 0.0

Set the initial drag force,

13, FORCE = 0,0

Set the initial normal force.

14. FLAT = 0.0

Set the initial local heat transfer rate.
15, . QW = 0.0
Set the initial heat transfer coefficient.
16, HG = 0,0

Set the following parameters.,

17. IXPOS =1 A
18, IMX = 0 ‘;
19. ITX =0 ;
20, IPX =0 1
21, YX =0

22, ITWX =0

22 b
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23, DXRIIO = 0.0
24, IBEG = 2
Initial assumption of adiabatic skin friction coefficient.
26, CFAGT = 0,002
Set the initial value of the sonic point start indicator,
26, ISTART = 0
Check whether the sonic point start procedure is to be usod,
27, I THETAI = 0,0, go to 30
If THETAI > 0.0, go to 28
Calculate the shape factor ¢ based upon initial assumptions.
28, ZETA = ((PHII)/(THETAI))RMZETA
29, Go to 32
Use the sonic point start procedure.
30, CALL START
Set the sonic point start indicator.
31, ISTART =1
32, CFAGP = CFAGT
Set the energy thickness equal to the input value.
33. PHI = PHII
Set the momentum thickness to the input value.

34, THETA = THETAI

23
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i
1:?' S sSet the start value of axial distance (o the first value in the axial dis.-
Li o tance tahle.
86, XIBASE - NITAB(1)
: Sel the Tast value of axinl distance to the Iast value in the axial distance
g tahle,
i
P 6. XTEND = »X.l'I‘AI’.(IX’I‘/\I%)
Check whether the Mach number table contains al least two values,
37, I IXTAB = 1, go to 39
I IXTAB > 1, go to 38
38, DXRIO = (XITAB(2) - XIBASE)/(10.0)
Call subroutine BARPRO to obtain Ch, af, do /dx, d¢ /dx, A, hg’

FORCE, SUMQDA, XLARC, and so on.
39. CALL BARPRO(1)
Call subroutine BARPRO to print the output of BARPRO,

40, CALL BARPRO(5)

Call subroutine XNTERP to obtain the radius YR and its first derivative
YRP,

41. CALL XNTERP (X, YR, YRP, IYX, XITAB, YITAB, IXTAB,
-CYX, IMX )

Save initial displacement thickness and radius of the contour.

M st £ 1 ey

Yoge

42. DEL = DELSTR

-
24 §
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45, YMIN = YR

14, ONOC = SQRT (1.0 + (YRP)(YRP))

Compute the first corrected axial distanece point and contour point,

15, XCCP(1) = X 4+ (DELSTR)(YRP)/(ONOC)

16, YCCP(1) = YR ~ (DELSTR)/(ONOC)

Cheek whether the maceh number table contnins at least two values,

47, H IXTAB =< 1, rcturn

If IXTAB > 1, go to 18
48, Do 101, I = IBEG, IXTAD
Compute next value of axial distance,

49, XNEW

n

XITAB (1)

50. XMAG

(| XNEW| + |X|)/(2. 0)
61, DXINT = XNEW -~ X
52, NX = (DXINT)/(DXMAX) + 0,99
63, I NX > 0, go to 55
IfNX < 0, goto 54
64, NX =1
Obtain real value of NX,
66, ZNX = NX
Compuie "weighted" difference of axial distance values.

56, DX = (DXINT)/(ZNX)

L - TN BT A A~ T - y———— - - . e e gy e e o memepns
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657, DXOZ2 :- (_[)x)/( 9, 0)

58, DXRIO = (DX)/(10,0)
59, Do 94, INX = 1,NX

save the values of energy thickness ¢ and momentum thickness 0.

' G0, PINOLD = DPHI

61. NUEOLD = 'PIHISTA

! ' Save the value of the axial distance.
ST 62. XOLD = X

63, DPHIRK (1) = (DX)(PHIP)

64, DTHERK(1) = (DX)(THETAP)

Compute new value of axial distance.

65, X = XOLD + DXO2

56, Do 80, IRK = 2,4

Check for last time through the Do-loop.

67, I IRK # 4, goto 74

ISR S RPN T "B M x commt—— R K

If IRK = 4, go to 68
Compute new value of axial distance.
68, X = XOLD + DX
69. If | (X - XNEW)/(XMAG)! > 1.0E-6, goto 71

If | (X - XNEW}/(XMAG)! = 1.0E-6, go to 70

70. X = XNEW

26
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P ‘ Compute new value of energy thickness and momentum thickness,
P | 71. PHI = PHIOLD + DPHIRK (IRK - 1)

( 72, THETA = THEOLD + DTHERK (IRK - 1)

73. Go to 76

Compute energy thickness and momentum thickness.

74, PHI = PHIOLD + (DPHIRK(IRK -))(0.50)

75. THETA = THEOLD + (DTHERK(IRK -1))(0.50)

Check whether the energy thickness is negative or zero.

76, If PHI =< 0.0, go to 85
If PHI > 0.0, go to 77
Check whether the momentum thickness is negative or zero.
77, If THETA = 0,0, goto 85
If THETA > 0.0, go to 78
Call subroutine BARPRO to obtain d¢ /dx and do/dx.

78. CALL BARPRO (IRK)

79, DPHIRK(IRK) = (DX)(PHIP)

TRER

80. DTHERK(IRK) = (DX)(THETAP)

Compute energy thickness and momentum thickness according to the
Runge-Kutta-Gill method.

EEE LR TR £

81. PHI = PHIOLD + (DPHIRK(1) + (2.0)(DPHIRK(2))
+ (2.0)(DPHIRK(3)) + DPHIRK(4))/(6.0)

2'
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82. THETA = THEOLD + (DTHERK(1) + (2.0)(DTHERK(2))
+ (2.0) (DPHIRK(3)) + DPHERK(4))/(86.0)

Check whether the energy thickness is negative or zero,
83, IfPHI = 0,0, go to 85

If PHI > 0,0, go to 84
Check whether the momentum thickness is negative or zero.
84, If THETA > 0.0, go to 88

I THETA =< 0.0, go to 85
An error has been made in the calculations; write out an error message.
856, WRITE X, ZME, THETA, PHI

Call subroutine BARPRO to obtain qw, hg’ FORCE, SUMQDA, and
XLARC,

86. CALL BARPRO (5)
87. CALL QUITS

Call subroutine BARPRO to obtain new Cypp Cp d9/dx, and d¢/dx,

f’
88, CALL BARPRO (1)

Select the minimum contour radius and its corresponding displacement
thickness.

89. IF YR > YMIN, go to 92
IF YR = YMIN, go to 90

90. DEL = DELSTR

- g e e e g 1 o e e e e e

eon i, « R 0 e V0




91, YMIN = YRR
Cheek for printout of all calculated subintervals.
62, If IPRINT = 0, go to 94
If IPRINT > 0, go to 93
Print data at the calculated subinterval,
93, CATLT. BARPRO (5)
End of INX Do-loop.
94, Continue
Call subroutine XNTERP to obtain YR and YRP corresponding to X.

95. CALL XNTERP (X, YR, YRP, IYX, XITAB, YITAB, IXTAB,
CYX, IMX)

96. ONOC = SQRT(1.0 + (YRP)(YRP))
Compute corrected axial distance points and contour points.
97. XCCP(I) = X + (DELSTR)(YRP)/(ONOC)
98. YCCP(I) = YR - (DELSTR)/(ONOC)-
Check for printout at input intervals.
99. If IPRINT > 0, go to 101.

If IPRINT = 0, go lo 100,
Print out data at input intervals.
100. CALL BARPRO (5)

End of Mach number table Do-loop.

29
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101, Continue

Compute the potential throat radius.,

102, RPOT = YMIN -~ DEL

Print out the potential throat radius.

103. WRITE RPOT

Normalize the table of corrected contour points, using the potential
throat radius,

Nomalized axial distance:
104, XCCP(1) = (XCCP(1))/(RPOT)

Nomalized radius:

105, YCCP(1) = (YCCP(1))/(RPOT)
106. Do 108, I = IBEG, IXTAB
107, XCCP(I) = (XCCP(I))/(RPOT)

108, YCCP(I) = (YCCP(I))/(RPOT)

109, WRITE heading for normalized contour point table

Check whether the sonic point start procedure has been used.
110, IF ISTART = 0, go to 113

IF ISTART > 0, go to 111

pd
<
¥
&
L
3

- age

Print output from sonic point start procedure.

111, WRITE XCCP(1), YCCP(1), (I,XCCP(I), YCCP(I), I= IBEG,
IXTAB)

L v ) 3
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112.

Return

Print regular output.

113. WRITE (I, XCCP(I), yYccp (1), I = 1, IXTAB)

114,

Table 3 gives subroutine BARCON nomenclature.

Return

TABLE 3. SUBROUTINE BARCON NOMENCILATURE
Symbol Desaription Units Reference
CFAGP Guess value of skin friction /INTER/, 32
coefficient
CFAGT Guess value of skin friction /INTER/, 25,
coefficient 32
CHPARL1 Term in the denominator of /INTER/, 2
the Stanton number equation
CYX Array of parabola coefficients /LOOKUP/,
for the nozzle radius table 41, 95
DEL Initial value of displacement ft 42, 90, 102
thickness or that corresponding
to the minimum nozzle radius
DELSTR Boundary layer displacement ft /OUTPUT/,
thickness 42, 45, 46,
90, 97, 98
DPHIRK Array of the first derivative DIM, 63, 71,
of the potential energy thick- 74, 79, 81
ness times the axial step size
DTHERK Array of the first derivative DIM, 64, 72,
of the potential momentum 75, 80, 82
thickness times the axial step
size
DX Weighted difference of table ft /INTER/,
values of the axial distance 10, 56-58,
68, 79, 80
DXINT Difference between axial ft 51, 52, 56
distance and table values of
axial distance
DXMAX Maximum length of step sizc ft /INPUT/, 52
DXO02 One-half DX ft 57, 65
31
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i - ' TABLE 3. SUBROUTINE BARCON NOMENCIATURE (Continued)

' ‘ Symbol Desceription Units Reference
| DXRHO One-tenth the difference ft /INTER /
hetween axial distances 23, 38, 58
:‘ FLAT Force normal to x~dirce- 1hf /OUTPUT/,
' tion for two-dimensional 14
planar flow
FORCE Drag forcc in axial or 1bf /OUTPUT/,
: x-direction 13
¥ HG Heat transfer cocfficient Btu/( ft*~-sec-°R) /OUTPUT/,
v 16
] I Do-loop counter and 48, 49,
printout counter 106-108,
111,113
IBEG Sonic line subsecript /INTER/,
counter 24, 48,
106, 111
IMX Mach number table entry /LOOKUP/,
indicator and saved 18, 41, 95
subscript counter
INX Do-loop counter 59
IPRINT Printout indicator /INPUT/,
92, 99
IPX Pressure table entry /LOOKUP/,
indicator and saved 20
subscript counter
IRK Do-loop counter 66, 67, 71,
72, 74, 75,
78-80
ISTART Indicator for sonic point 26, 31, 110
start procedure
ITWX Wall temperature table /LOOKUP/,
entry indicator and saved 22
subscript counter
ITX Free-stream temperature /LOOKUP/,
table entry indicator and 19
saved subscript counter
IXPOS Array position indicator /LOOKUP/,
17

32
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Lo TABLE 3, SUBROUTINE BARCON NOMENCLATURE (Continued)
: Symbol Description Units Reference
i IXTAB Number of points in the x, /INPUT/,
' y, and Mach tables 36, 37, 41,
| (4 = IXTAB = 500) 47, 48, 95,
i 106, 111,
‘ 113
IYX Nozzle radius table entry /LOOKUP/,
indicator and saved 21, 41, 95
' subscript counter
# MZETA Exponent of velocity /INPUT/,
¥ distribution 3, 4
MZETAM | MZETA minus one /INTER/,
3
NX Weighting factor for axial 52-55, 59
distance increment
ONOC Square root of one plus the 44-46,
slope of the contour squared 96-98
OOMZET | One divided by ZMZETA /INTER/,
8
PHI Boundary layer energy ft /OUTPUT/,
thickness 33, 60, 71,
74, 76, 81,
83, 85
PHII Initial value of energy ft /INPUL/,
thickness 28, 33
PHIOLD Saved value of energy ft 60, 71, 74,
thickness 81 f
PHIP Slope of energy thickness /INTER/, gf
63, 79 B
PRANDT | Prandtl number /INPUT/, <
1, 2 -
PRE103 Recovery factor - cubic /INTER/, .
root of the Prandt! number 1. :
QW Local heat transfer rate to | Btu/(ft‘-sec) /OUTPUT/, '
the wall 15
RMZETA | One divided by ZMZETP /INTER/,
7, 28
.
33 )
i
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TABLE 3. SUBROUTINE BARCON NOMENCTATURE (Continued)

| Symbol Description Units Reference
; RPOT Potential throat radius ft 102-105,
' corrected for displacement 107, 108
thickness
. SUMQDA Integrated heat transfer Btu/sec(axial) /OUTPUT/,
A rate to point X 12
THEOLD Saved value of momentum ft 61, 72, 75,
thickness 82
THETA Boundary layer momentum | ft /OUTPUT/,
thickness 34, 61, 72,
75, 77, 82,
84, 85
THETAI Input value of momentum ft /INPUT/,
thickness; if = - 1, 27, 28, 34
sonic point start procedure
will be used
THETAP Slope of momentum ft /INTER/,
thickness 64, 80
X Axial distance in ft /OUTPUT/,
monotonically increasing 9, 41, 45,
order 50, 51, 62,
65, 68-70,
85, 95, 97
XCCPp Array of normalized DIM, 45,
corrected axial distance 97, 104,
points 107, 111,
113
XIBASE First value in axial ft /INTER/,
distance table 35, 38
XIEND Last value in axial ft /INTER/,
distance table 36
XITAB Table of IXTAB values ft /TABLES/,
y (axial distance, x) in 9, 35, 36,
monotonically increasing 38, 41, 49,
order 63, 64, 95
XLARC Arc length of the contour ft /OUTPUT/,
up to point x 11
XMAG One-half the sum of ft 50, 69
XNEW and X

34

b SRR I ST LA M

.y




s

§ TABLE 3. SUBROUTINE BARCON NOMENCIATURE (Concluded)
f Symbol Description Units Reference
{ XNEW Successive values of axial [ ft 49-51, 69, 70
distance from the XITAB
: table
. XOLD Saved valuc of axial ft 62, 65, 68
distance
YCCP Array of corrected DIM, 46, 98,
| contour points norn:alized 105, 108,
: by the potential throat 111, 113
¥ radius
} YITAB Nozzle contour radius ft /TABLES/,
table related to IXTAB 41, 95
array
YMIN Saved value of initial or ft 43, 89, 91,
minimum radius or height 102
of contour
YR Nozzle radius or contour ft /OUTPUT/,
height 41, 43, 46,
' 89, 91, 95,
98
YRP Slope of contour 41, 44, 45,
95-97
ZETA Shape factor /OUTPUT/,
28
ZME Mach number /OUTPUT/,
85
ZMZETA | Real value of MZETA /INTER/,
4-6, 8
ZMZETM | ZMZETA minus one /INTER/, 6
ZMZETP | ZMZETA plus one /INTER/, 5,
7
ZNX Real value of NX 55, 56
35
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SUBROUTINE BARPRO

. Subroutine BARPRO calculates the boundary layer parameters from
' initial or previously determined energy thickness ¢, momentum thickness 0,

do d
and = and axﬂ along the contour at a point x.

The interpolation routine XNTiRP is used to evaluate inviscid flow and
dM dT

—-E T -——9 r
dx * e’ dx’ ?

contour properties and derivatives at point %, such as Me,
and %-; . Then subroutine ZZTAIT is called and the shape fact~r ¢ and bound-

ary layer thicknesses A, 8, and 0 * are computed. An iteration procedure is
used to calculate the skin friction coefficient C £ and the Stanton number CH.
This procedure is as follows:

PASENYC g apn ru R A

1. An initial guess Cfag is made.
- Taw iI-m
2. Theterm C fRe- = —T-: C fagR g I8 calculated.

3. Subroutine CFEVAL is used to evaluate C ¢ @s a function of C fﬁg"

T C

s f
T = . .
4, The terms T and Cfa T T m are calculated
aw aw s
T T
e aw

5. A relative error comparison is made. If

= TOLCFA, . :

convergence is satisfactory. Otherwise a form of Wegstein's method is used
to calculate a new guess C fa’ and steps 2 through 5 are repeated up to a

maximum of 50 iterations.

36




) d¢ do . .
The derivatives ~l£ and = are now evaluated, from the differential

A P

equations, at the point x. TFor the point x at the end of a Runge-Kutta step
(IND = 1), total heat transfer and drag quantitic « are also computed.

This subroutine also provides the data for the printout if ealled for by
the input parameter IPRINT,

The values obtained in BARPRQ are as follows:

dM dr dH
M, =2 1r,=S P, Cc , 0, —
¢ Tdx e’ dx ! ¢ Tpe’ et ax ! Yo
du 1 1 U
U, — Lo U o) H , T
o ax P Tax e Pore? dx v e Paw’ Taw’

119 12’ 13! 14’ 159 IB; 17: I'i’ 1'29 1'3’

—= d d dr
g: A’ 6. 5*: Cf’ CH’ —d;’ 'C%, d_X.’

hg’ q, Qw, Re, Rx.' RI.’. R‘P' R5*’ Fx’ Fy.

COMMON BLOCKS

COMMON blocks COFIIF, CSEVAL, INPUT, INTER, LOOKUP,
OUTPUT, SAVED, and TABLES are used.

TBL SUBROUTINES

Subroutine BARCON calls BARFPRO. ﬂ
BARPRO calls subroutines CFEVAL, CETPT, QUITS, SEVAL, ‘ ’
XNTERP, and ZETAIT. 3
FORTRAN SYSTEM ROUTINES R
FORTRAN library function SQRT is used.
Built-in FORTRAN function ABS is used. .
37 {
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4 CALLING SEQUENCE
The subroutine calling sequence is:
z CALL BARPRO (IND)
f where
| t IND = program loop control indicator.
SOLUTION METHOD
Determine which program option is desired.

1. if IND= 1, goto2

If IND= 2, goto?2
If IND = 3, goto 58
If IND = 4, goto 2
If IND = 5, goto 150

Call subroutine XNTERP to obtain the free-stream Mach number M
and its gradient dM /dx for a given x.

ke

2. CALL XNTERP (X, ZME, ZMEP, IMX, XITAB, ZMTAB,
IXTAB, CMX pros)

Save IMX,

Crem W)’i{.”_‘—-‘ -

3. IXPOS = IMX

Call subroutine XNTERP to obtain the free_stream temperaturec
T, and its gradient dT /dx

4. CALL-XNTERP (X, TE, TEP, ITX, XITAB, TITAB, IXTAB
CTX, pros)

38
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_ Call subroutine GETPT to obtain the free-stream pressure Pe by
1 using Me and Te.

) 5. CALL GETPT (ZME, PE, TE)

Call subroutine SEVAL to obtain the specific heat C o and enthalpy
He by using Te. P

6. CALL SEVAL (1, TE, CPE, HE)

L_ o dH aT_
d . A~ 3 i ————— = — X .
o Determine the enthalpy gradient = Cpe = gd
7. HEF = (FJG) (CPE) (TEP)
Compute the specific heat ratio Y = Cpe
© Coo - R/3

8. GAME = (CPE)/(CPE - ROJ)

Obtain the dynamic enthalpy (UZ/ 2).

9. UE202 = HO - HE

The free-stream velocity U, is obtained from equation (9).

10. UE = SQRT ((2.)(UE202))

Ot Sy £ TR A S

dUe 1 dHe i
Determine the velocity gradient = - - E; ' .
11. UEP = -(HEP)/(UE) :
P : H
Obtain the free-stream density pe pe = 'I'{-'_I‘: .

12, RHOE = (PE)/(TE)/(RBAR)




40

13. if DXRHO # 0.0, goto 16
If DXRHO = 0.0, goto 14

Save the initial density gradient.

14, RHOEP = 0.0

15. Go to 32

16, If X > XIBASE, go to 20
If X = XIBASE, go to 17

Save the density pe.

17. Z1 = RHOE

Put one as:

18. Z3 = 1.0

19. Goto 24

Call subroutine XNTERP to determine M, = (ERASE1)
and dM_/dx = (ERASEZ2) for (X-DXRHO).

20, CALL XNTERP (X-DXRHO, ERASE1, ERASE2, IMX, XITAB,
ZMTAB, IXTAB, CMX, IXPOS)

Call subroutine GETPT to obtain P_ = (Z4) and T, = (z5)
corresponding to M _ = (ERASE1),

21. CALL GETPT (ERASE1, Z4, Z5)

p
Compute the density P corresponding to Me. <pC = F’I‘_>

22, Z1= (Z4)/(Z5)/(RBAR)

> = 5 3L T T
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Set point one as:
23. Z3 = 0.6
24, If X < XIEND, go to 28

If X = XIEND, go to 25
Set
25, Z2 = RHOE
26, Z3= 1.0
27. Goio31

Call subroutine XNTERP to obtain Me = (ERASE1) and
dMe/dx = (ERASE2) corresponding to X + DXRHO,

28. CALL XNTERP (X + DXRHO, ERASE1, ERASE2, IMX, XITAB,
ZMTAB, IXTAB, CMX, IXPOS)

Call subroutine GETPT to obtain P = (Z4) and T, = (z5)
using the above M _ = (ERASE1).

29.. CALL GETPT (ERASE1, Z4, Z5)

Compute the density p_ = (z2). (pe = Pe/ﬁTe)

N R G Y

30. Z2.= (Z4)/(Z5)/(RBAR)
Approximate the density gradient,
31. RHOEP = ((Z2 - Z1)/(DXRHO))(Z3) :
Obtain the mass flow density peUe. :
32. RHOUE = (RHOE)(UE)

$

a1 ; -
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d(p .U )

The first derivative of mass flow density: =

33. RHOUEP = (RHOE) (UEP) + (UE) (RHOEP)

Te m
Evaiuate the viscosity /.Le = uo ,—1-;:)- .

ZMVIS
34, ZMU = (ZMUO) ((TE)/(T0))
U
1/ e
Compute the adiabatic wall enthalpy Haw = He + Pr’3 5 -

35. HAW = (HE) + (PRE103)(UE202)

Call subroutine SEVAL to determine T and C
aw pw

= (ERASE3) using the known H

36. CALL SEVAL (2, TAW, ERASE3, HAW) : 5
ITWTAB = - 1: adiabatic wall temperature '|

=  0: constant wall temperature
= 1: input wall temperature (variable) )
37. If ITWTAB < 0, go to 38 _
If ITWTAB = 0, go to 42 i
If ITWTAB > 0, go to 46 i

Consider the case of adiabatic wall temperature,

Set
38, TW = TAW
39. HW = HAW




The enthalpy gradient along the wall:

40, HWP = HEP + (PRE103)(UE)(UEP)

41. Go to 49

Consider the case of constant wall temperature.
42. TW = TWTAB(1)

The wall enthalpy is calculated at 86 of BARSET:
43, HW = TWTAB(2)

The gradient of wall enthalpy is zero for constant wall
temperature option,

44, HWP = 0.0
45, Go to 49

Call subroutine XNTERP to find Tw and obtain dTw/dx

in the case of variable wall temperature option.

46. CALL XNTERP(X, TW, TWP, ITWX, XITAB, TWTAB, IXTAB,

CTWX, IXPOS)

Call subroutine SEVAL to obtain C and H using T .
pw w w

47. CALL SEVAL(1, TW, CPW, HW)

The enthalpy gradient along the wall:

-

i

48. WP = (FJG)(CPW) (TWP)

b A

49. U TW = TAW, go to 54

-y

1f TW > TAW, go to 50
Write T and T
w ]

50. WRITE TW, TAW




TS —

Write the axial distance x, Mach number Me’ momentum

thickness 0, and energy thickness ¢ at the point where
T exceeds T .
w aw

51. WRITE X, ZME, THETA, PHI
52. WRITE error indication message
Stop the calculation by calling QUITS.
53. CALL QUITS

Save the wall enthalpy Hw.

Stagnation enthalpy minus wall enthalpy:
55. B = HO - HW

Save the minus sign of dynamic enthalpy (-Uze/ 2).

66. C = - UE202

Save the free-stream temperature Te'

57. TFINT = TE

Call subroutine ZETAIT to calculate the shape parameter

[t = (A/O )m] and boundary layer thickness A, 0, and 0 *
at point x, for given values of 9 and ¢.

58. CALL ZETAIT

Save the value of p U /p .
eele

59. CREY = (RHOUE)/(ZMU)

44
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Obtain the Reynolds number based on momentum
thickness 0.

60. RTHE = (CREY)(THETA)
The Reynolds number based on energy thickness ¢
61, RPHI- (CREY)(PHI)

Adizbatic  ;* 2mperature Taw divided by frec-s.ceam

temper:
62. 1= (TAW)/(TE)
1-m
Save (1 - m) power of the above value ;W /-
€/

(1.0 - ZMVIS)

63. ERASZI2 = (ERASE1)
Set

64. ERASE3 = (17.2)(T0 - TAW)/(TAW)

65. ERASE4 = (305.0)(TE - T0)/(TAW)
66, ICFCH = 0

Save the guess value of skin friction coefficient

Cfag't = (0.002).

67. CFA = CFAGT
Save the Reynolds number based on momentum thickness.
68. RSUB = RTHE

The following calculation, down to step 95, determines the
friction cocfficient by iterations.

TR I X Y T " — - g i e e i, g . v ————
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69. Do 95, I= 1,50
Save
70. CIFAG = CFA
Check the value of CFAGTD,
71. If CFAGTP(ICFCH + 1) = 0, go to 110
If CFAGTP(ICFCH + 1) # 0, goto 72
Calculate the following expression from the relationship

P W
e e

f G)guess

(C —— (C,.), R,.
pawuaw fa’ guess ]

72. CFRT = (ERASE2)(CFAG)(RSUB)

The turbulent skin friction coefficient @—f is obtained from

subroutine CFEVAL, in which empirical relations between

Ef and (Eff{«e-) are tabulated,

73. CFBAR = CFEVAL(CFRT)

Sublayer temperature TS divided by adiabatic wall
temperature Taw:

74, TSOTAW = 1.0 + (ERASES3) (SQRT((CFBAR)/ (2.))) §
+ (ERASE4)((CFBAR)/(2.))

R

Check the sign of T /T . B
S aw t

75. If TSOTAW > 0, go to 83

-

If TSOTAW = 0, goto 76
Write error message.

76. WRITE error message

46
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! Write X, Me’ 6, and ¢ in the case of BARPRO FAILURE,
77. WRITE X, ZME, THETA, PHI
78. WRITE cause of error message

Set

79, CFAGTP @ (ICFCH + 1) = 0.0
80. CFAG = 0.0

81, CFA = 0.0
82. Go to 101
Save the adiabatic skin friction coefficient

ZMVIS

3 83. CFA = (CFBAR)/(ERASE1)/(TSOTAW)
| ' (llheck. the tolerance in the present C ¢ - ) fﬁ 5
iteration loop.

’ 84, If '(CFA-CFAG)/(CFAG)| < TOLCFA, go to 100
5 If |(CFA-CFAC)/(CFAG)| = TOLCFA, go to 85

Check the number of iteration.

- 85, If 1= 2, goto89

IfI < 2, goto86

R B A Y

86. Z4 = CFA
87. Z2 = CFAG
88, Goto 95

Save the following values.

47
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89, Z3

= 7.4
i
90, 71 = 7.2
91. 74 = CTA

92. Z2 = CFAG

It

93, 75 = (Z4 - Z3)/(Z2 - 7Z1)
94, CFA = (24 - (Z5)(Z2))/(1. - Z5)

Go to 69 to continue the iteration.

95. Continue

Write that the skin friction coefficient C. could

POy e I

not be obtained. £
96. WRITE error message
97. WRITE X, ZME, THETA, PHI ; ‘i]-
98. WRITE Z1, Z2, CFA, Z3, Z4 .
99. WRITE cause of error message
Save Cfa'
100. CFAG = CFA
101, If ICFCH > 0, go to 111
If ICFCH =< 0, go to 102
. ]
Save o z
102. CFAGT = CFA
103. CF = CFAG
104, CFA = CFAGP
!
48 ;




! 105. RSUB = RPHI
f Set ICFCH equal one,
i 106, ICFCH = 1
5 Check whether the wall temperature is adiabatic or not.
107. If ITWTAB = 0, gotoG9

1f ITWTAB < 0, go to 108
Set

108. CH= 0.0

109. Goto 113

Check the value of ICFCH.

110. If ICFCH = 0, go to 106
If ICFCH > 0, go to 113

Set

111. CFAGP = CFAG

Calculate the Stanton number.

112. CH = ((PHI)/(THETA))ZNSTAN((CFAG)/(2~))/(1- - (5.) | 5

(SQRT((CFAG)/(2.0)) (CHPAR1)) -
1 d(eT,) |
Save peUe ™ . R o ®

113. ERASE1 = (RHOUEP)/(RHOUE)

1+ 3%/ dUe ‘
Put T m as ‘

€
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114. ERASE2 = (UEP) (1.0 + DELSOT)/(UL)

Call subroutine XNTERP to obtain the radius r and
its gradient dr/dx at the axial distance x.

115. CALL XNTERP(X, YR, YRP, IYX, XITAB, YITAB, IXTAB,
CYX, IXPOS)

/ T\ 2
Calculate the value 1+ (il.l_)
dx

116. DARC = SQRT(1.0 + (YRP)?)
Put

117, CDFORC = ((RHOUE)/(G)}(UE)/(DARC)(CF)/(2.)

Check the geometry indicator EPSZ ( = 0: Two -dimensional
planar flow, = 1: Axisymmetric flow).

118. If EPSZ = 0.0, go to 120

If EPSZ > 0.0, go to 119

d(p U )
Save the value L £ e + .1_
r

peUe dx

dr
dx

119. ERASE1l = ERASE1 + (EPSZ)/(YR)(YRP)
. . d¢
The gradient of momentum thickness =/

120. THETAP = (CF)/’2.0)(DARC)-
(THETA) (ERASE2 + ERASE1)

Set

121, ERASE2 = HO - HW

The gradient of energy thickness (g—g) :
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122, PHIP = (CH)(DARC)/(KXRASE2) (HAW - HW)-~
(PHI) (ERASE® ~ (HWP)/(ERASE2))

Check the indicator IND.
123. If IND # 1, return
If IND= 1, goto 124
Check whether adiabatic wall temperature option is used.
124, If ITWTAB < 0, go to 127
If ITWTAB = 0, go to 125
Local rate of heat transfer to wall (qw) :
125, QW = (RHOUE)/(¥J)(CH)/(G)(HAW - HW)
1Teat transfer coefficient (hg):
126. HG = (QW)/(TAW - TW)
Set

127. QDAO = QDA

128. DFORCO = DFORCE

]

129. DFLATO = DFLAT

Check whether axisymmetric flow (EPSZ = 1.) or two-
dimensional planar flow (EPSZ = 0.) is used.

130. If EPSZ = 0.0, go to 136
If EPSZ > 0.0, goto 131
Set 7r -

131. ERASE1 = (PIE)(YR)

o
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132, QDA = (ERASEI)(QW)
P 133. DFORCE = (ERASEl)(CDFORC)
o 134. DFLAT = ¢.¢

135. Go to 139

Set

136, QDA = (Qw)/(2.)

137. DFORCE = (CDFORC)/(2.)

138, DFILAT (DFORCE) (YRP)

139. YO0ARC = Y2ARC
140. Y2ARC = DARC

Check the value of DX,

141, If DX < 0.0, return

If DX > 0.0, go to 142

Call subroutine XNTERP to obtain the radius r

= (ERASE1)
and its gradient % = (ERASE2)

corresponding to x = x _ DX/2,

142, cALL XNTERP(X . (DX)/(2.0), ERASE1, ERASE2, 1vX,
XITAB, YITAB, IXTAB, CYX, IXPOSs)

143. YIARC = SQRT(1,0 + (ERASE2)2)

Increment of contour length;

S MR f 1R

144. DXLARC = (DX) (Y0ARC + (4.)(Y1ARC) *+ Y2ARC)/(6. )

Contour length;

145. XLARC = XLARC + DXILARC ;

52
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Integrated rate of heat transfer to the wall:

146. SUMQDA = SUMQDA + (DXLARC)(QDA + QDAO)
Drag in axial direction:

147, FORCE = FORCE + (DXLARC)(DFORCE + DFORCO)
Drag normal to the axial dircetion:

148, FLAT = FLAT + (DXLARC)(DFLAT + DFLATO)
Return to the main routine,

149, Return

Store the results obtained in sbroutine BARPRO for printout,
Save the Reynolds number based on the contour length,

150, RXLN = (CREY)(XLARC)

Reynolds number based on the displacement thickness:
151, RDLS = (CREY)(DELSTR)

Check the value of the shape factor ¢.

152, If ZETA = 1.0, go to 160

If ZETA < 1.0, go to 153

Set <
®
153, I =1 ;
Save the following integrals. 7
154, Z1 = ZI4
156, Z2 = ZI5
53
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156.

157,

158,

159.

Set

160.

Z3 = 716

il

Z4

N
W
i

217

ZI11P

Go to 166

I=6

Save the following inegrals.,

161. Z1 = ZI1

162. Z2 = ZI2

163. Z3 = ZI3

164. Z4 = ZI2P

165, Z5 = ZI3P

Print out

166. WRITE heading for output values

167. WRITE X, ZME, DELTA, HG, ZETA, CF

168. WRITE XLARC, TE, BDELTA, QW, ZINTPR (I), Z1, CH

169. WRITE YR, TW, DELSTR, SUMQDA, ZINTPR (I + 1),
Z2, RTHE

170. WRITE YRP, TAW, THETA, FORCE, ZINTRP (I + 2),
73, RXLN

171. WRITE ZMEP, PHI, FLAT, ZINTPR (I + 3), Z4, RPHI

172. WRITE UE, DELSOT, ZINTPR (I + 4), Z5, RDLS

- e
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173, WRITIE DIk
‘ o 174, Return

| Table 4 gives subroutine BARPRO nomenelature,

f TABLL 4. SULBROUTINE BARPRO NOMENCLATURE

Symbol Desceription Units Reference
} A Saved value of wall ft*/scc? | /SAVED/, 54
: centhal py IIW
B Stagnation cnthalpy minus ft*/sec?® | /SAVED/ y 05
" wall enthalpy H - H
0 w
BDELTA Temperature thickness A ft /OUTPUT/,
168
C Minus sign of dvnamic ft?/sec® | /SAVED/, 56
U2
enthalpy--;
CDFORC Local drag force per 1bf/ft? 117, 133, 137
unit area
CF Skin friction coefficient — /OUTPUT/,
103, 117, 120,
167
CFA Adiabatic skin friction —_— 67, 70, 81, 83,
coefficient C 84, 86, 94,
fa 100, 102, 104
CFrAG Guess value of adiabatic —_ 70, 72, 80, 84, ft'!
skin friction coefficier Cfag 87, 100, 103,
111, 112 =
CFAGP Skin friction coefficient —_ /INTER/, 104, L
obtained by using the 111 *
Reynolds number R 0 .
CFAGT Initial value of skin —_ /INTER/, ‘
friction coefficient EQUIV, 67,
102
CFAGTP Array cquivalenced to DIM, EQUIV,
CFAGT and CFAGP 71, 79
CFBAR Skin friction coefficient —_— 73, 74, 83
obtained from erapirical
relationship




TABLE 4. SUBROUTINE BARPRO NOMENCLATURE (C mtinued)
Symbol NDeseription Units Reference
CIFRT Turbulent skin friction —_ 72, 73

cocfficient multiplied
hy experimental Reynolds
Numher C fR?)-
CcH Stanton number —_ /OUTPUT/,
108, 112, 122,
125, 168
6 -
CHPARI 1 -Pr+ln ( oI 1) — /INTER/, 112
CTMX Array of parabola J— JLOOKUP/ 2, |
coefficients for Mach 20, 28
number table
CPE Specific heat in free Btu/(lbm - °R) | 6, 7, 8
stream C
pe
CPwW Specific heat at the Btu/(1bm. °R) | 47, 48
wall temperature C
pw
CREY Mass flow density 1/ft 59, 60, 61,
divided by viscosity 150, 151
in free stream
peUe/“ e
CTWX Array of parabola — /LOOKUP/,
coefficients for the 46
wall temperature table
CTX Array of parabola — /LOOKUP/, 4
coefficients for the
free stream temperature
table
CYX Array of parabola —_— /LOOKUP/,
coefficients for the nozzle 115, 142
radius table
DARC N1 + (dr/dx)? _ 116, 117, 120,
122, 140
DELSTR Displacement thickness ft /OUTPUT/,
0 * 151, 169
DELSOT Displacement thickness — /OUTPUT/,
divided by momentum 114, 172

thickness 6 */0
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IR TABLE 4. SUBROUTINE BARPRO NOMENCLATURE (Continued)
2 . .
Symbol Description Units Reference
‘ DELTA Velocity thickness 6 £t /OUTPUT/, 167
j DFLAT One-half the local drag 1bf/ft* 128, 130, 138,
! force normal to x-axis 148
b DFLATO | Saved value of DFLAT Ibf /£t 129, 148
DFORCE One-half thc local drag 1bf/ft 133, 147
force (for axisymmetric
: flow) or
(for two-dimensional 1bf /£t 128, 137, 138, 147
- planar flow)
DFORCO [ Saved value of DFORCE 1bf/ft* 128, 147
DX Weighted difference of ft /INTER/, 141,
table values of axial 142, 144
distance
DXIARC Increment of the length ft 144, 145, 146, 147,
along contour 148
DXRHO One-tenth the difference ft /INTER/, 13, 28,
between axial distance 31
EPSZ Geometry indicator - /INPUT/, 118,
EPSZ = 0: two- 119, 130
dimensional
planar flow
EPSZ = 1: axisymmetric
flow
ERASE1l 1., Free-stream Mach —_ 20, 21, 28, 29
number Me
2. Saved value of T /Te —_ 62, 63, 72, 83
3. Saved value of 113, 119, 120, 122
, 4 U)) .
peUe dx
p U dx r dx
e e
4, mr ft 131, 132, 133
5. Contour radius r ft 142
67
B T .- -

T R YT Y T e T -




¢ TABLE 4, SUBROUTINE BARPRO NOMENCLATURE (Continued)

Symbol

Desecription

Units

Reference

ERASE2

2.

3.

Gradient, of free-
stream Mach number
dMO/dx.

Saved value of

1-m

Saved value of

1+.0%/6 dUe

U dx
e

Enthalpy difference

H -H
)

dr/dx

w

1/1t

1/ft

ft2 /sect

20, 28

63

114, 120

121, 122

142, 143

ERASE3S

[ K
-

2.

Specific heat at

adiabatic wall

temperature C
paw

Saved value of 17.2

(To - Taw) /Taw

36

64, 74

ERASE4

Saved value of 305
(T -T)/T
e o aw

65, 74

FJ

Conversion factor
between thermal and
work units

(ft-1bf) /Btu

/INPUT/, 125 |

FJG

Conversion factor
between thermal and
work units multiplied by
acceleration of gravity
used as a proportionality
constant gJ

Tom/(Btu-sec?)

48

/CSEVAL/, 7, |

58
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1N .
o TABLE 4. SUBROUTINE BARPRO NOMENCLATURE (Continued)
] . -
3 Symbol Description Units Reference
y 4.
‘ FLAT Foree normal to x- 1hf /ourpeur/,
! directionfor two- 148, 171
dimensional planar flow
i FORCE Drag Torce in axial or Thf Jourpur/, T
- x-divection 147, 170
G Acceleration of gravity Thm/ibf /INPUT/, 117,
. used as a proportionality ft/scc? 125
'5‘ constant
GAME Specific heat ratio in S 8
. free stream
: HO Stugnation enthalpy H 12 /scct /CSKVAL/, 9,
ab, 121
HAW Adiabatic wall ft* /scc? 35, 36, 39,
enthalpy Haw 122, 125
HE Enthalpy of free stream ft?/sec? /INTER/, 6,
in work units He 9, 35
HEP Enthalpy gradient ft /sec? 7, 11, 40
dHe/ dx
HG Heat transfer Btu/(ft*-sec° R) | /OUTPUT/,
coefficient hg 126, 167
HW Enthalpy at the wall H ft? /sec? /INTER/, 39,
w 43, 47, 54, 55,
121, 122, 125
HWP Enthalpy gradient ft/sec? 40, 44, 48
dH_/dx
w
I Subscript counter — 153, 160, 168—
172
ICFCH Option indicator — 66, 71, 79,
101, 106, 110
IMX Mach number table entry —_— /LOOKUP/, 2,
indicator and saved 20, 28
subscript counter
IND Program loop control _— CALL, 1, 123
indicator

T X VR R = A T I T - e Y ——— ey, = e -
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TABLE 4. SUBROUTINE BARPRO NOMENCLATURE /Continued)
Symbol Description Units Reference
ITWTAB = - 1: T = adiabatic —_— /INPUT/ 37,
W 107, 124
wall temperature '
= 0: T = constant . -—
w
' = 1: IXTAB values of
Tw will be input
. ITWX Wall temperature table — /LOOKUP/, 46
entry indicator and_saved
v subscript counter .
P ITX Free-stream temperature | —— /LOOKUP/, 4
il table entry indicator and
saved subscript counter
IXPOS Array position indicator —_ /LOOKUP/, 2,
4, 20, 28, 46,
115, 142
IXTAB Number of points in the —_— /INPUT/, 2, 4,
X, ¥, and Mach number 20, 28, 46,
tables (4 = IXTAB 115, 142
= 500)
IYX Nozzle radius table entry | — /LOOKUP/,
indicator and saved 115, 142
subscript counter
PE Static pressure of the 1bf/ft* /OUTPUT/, 5,
free stream 12, 173
PHI Energy thickness_ ¢ ft /OUTPUT/,
51, 61, 77, 97,
112, 122, 171
PHIP Gradient of energy — /INTER/, 122
thickness d¢ /dx
PIE Circumferential J— /INPUT/, 131
constant T
PRE103 Cubic root of Prandtl J— /INTER/, 35,
number 40
QDA One-half the local heat
transfer to the wall
(azisymmetric flow) Btu/(ft-sec) 127, 132, 146
(two-dimensional Btu/(ft*.sec) | 127, 136, 146
planar flow)
QDAO Saved value of QDA Btu/(ft-sec) 127, 146
60

T



o TABLE 1. SUBROUTINE BARPRO NOMENCLATURE (Continued)

R amat:: ae & ST R,

: Symbol Deseription Units Reference
I e
| QW Loeal heat transfer rate | Btu/(ft?-see) /OUTPUT/,
| Lo wall 125, 126, 132,
; 136, 168
RBAR Gas constant in work (ft-1bf) /(1bm-° R) /INPUT/, 12,
units 30
RDIS Reynolds number hased — 151, 172
3 on displacement thickness
i R, =« P U 6%
: e e e /'ue
1 RITOIL; KFree-stream density p Thm/ft3 /INTER/, 12,
¢
32, 33
RIIOLP Density gradient dpc/dx lbm/ft* 14, 31, 33
RIIOUE Mass flow density peUC Ibm/(ft*-scc) /INTER/, 32,
59, 113, 117
RHOUEP Gradicnt of mass flow lbm/(ft°-sec) 33, 113
density d(peUc) /dx
ROJ Gas constant in thermal Btu/(Ibm-°"R) /CSEVAL/, 8
T units
} RPII Reynolds number based —_ 61, 105, 171
SRR on cnergy thickness
R¢ =FQUG¢A%
RSUB Saved value of Reynolds —_— 68, 72, 105
number Ro
Saved value of Reynolds
number R P
RTHE Reynolds number based —_— 60, 58, 169
on momentum thickness
RO B chc 9/”(3
RXLN Reynolds number based - 150, 17Q
on arc length
= i /
RL pcl e L/“e
SUMQDA Integrated heat transfer /OUTPUT/,
rate to the wall up to 149, 169
station x
(axisymmetric flow) | Btu/sec
(two-dimensional Btu/( sec-ft)
planar flow)
- 61
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TABLE 4. SUBROUTINF BARPRO NOMENCLATURE (Continued)

related to IXTAB array

Symbol Desceription Units Reference
TO Stagnation temperaturce °R /INPUT/, 34
T
0
TAW Adiabatic wall tempera- °R 36, 38, 49, 50,
ture T 62, 126, 170
aw
TE Free-streanm tempera- °R /OUTPUT/, 4,
ture T() 5, 6, 12, 34,
’ 57, 62, 168
TEP Temperature gradient in *R/ft 4, 7
frec-stream dTe/dX
TFINT - Saved value of free- °R /COFIIF/, 57
stream temperature
THETA Momentum thickness 8 ft /OUTPUT/,
61, 60, 77,
97, 112, 120,
B 170
THETAP Gradient of momentum —_ /INTER/, 120
thickness df/dx .
TITAB Free.stream tempera- °R /TABLES/, 4
ture table related to
IXTAB array. This
table is determined by
subroutine GETPT via
BARSET,
TOLCFA Tolerance in 5f - Ef 'I-{g —_— /INPUT/, 84
iteration
TSOTAW Sublayer temperature —— 74, 75, 83
divided by adiabatic wall
temperature T /T
s aw
T™W Wall temperature °R /OUTPUT/,
38, 42, 46,
47, 49, 50,
126, 169
TWP Temperature gradient on *R/ft 4G, 48
the wall
TWTAB Wall temperature table °R /TABLES/, 42,

43, 46
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TABLE 4. SUBROUTINE BARPRO NOMENCLATURE (Continued)
Symbol Description Units Reference
UE Free-stream velocity ft/sec /ouUTPUT/,

10, 11, 32,
33, 10, 114,
117, 172
UE202 Squarc of free-stream ft*/sec* 9, 10, 56
velocity divided by two
(dynamic enthalpy)
u /2
UEP Velocity gradient along 1/sec 11, 33, 40, 114
free stream
X Axial distance or ft /OUTPUT/,
distance in free-stream 2, 4, 16, 20,
direction 24, 28, 46,
51, 77, 97,
115, 142, 167
XIBASE First value in axial ft /INTER/, 16
distance table
XIEND Last value in axial ft /INTER/, 24
distance table
XITAB Table of IXTAB values ft /TABLES/, 2,
(axial distance x) in 20, 28, 46,
monotonically increasing 115, 142
order
XLARC Arc length of contour ft /OUTPUT/,
corresponding to x 145, 150, 168
YOARC Saved value of Y2ARC — 139, 144
Y1ARC ]1 . (dr>5 ' — 143, 144
ax
corresponding to
)
2
Y2ARC Saved value of DARC — 139, 140, 144
YITAB Nozzle radius or contour ft /TABLES/,
height table related to 115, 142
IXTAB array
YR Radius or height of ft /OUTPUT/,
contour r 115, 119,
151, 169
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TABLE 4. SUBROUTINE BARPRO NOMENCLATURE (Continued)

S IR T B T T = e
. i — P

Symbol Description Units Reference
YRP dr/dx - 115, 116, 119,
138, 170
71 1. Saved value of free- lbm/ft’ 17, 22, 31
stream density pe
2. Saved valuc of C _— 90, 98
fag
3. Saved value of — /OUTPUT/,
I, = (ZI11) or 154, 161, 168
I, = (ZI4)
72 1. Saved value of Pe Ibm/ft’ 25, 30, 31
2. Saved value of S 87, 92, 94, 98
cfag (CFAG)
3. Saved value of integral | — /OUTPUT/,
L = (ZI2) or 155, 162, 169
I, = (Z15)
Z3 T. Saved value of one or —_ 18, 23, 26, 31
point five
2. Saved value of Cfa —_— 89, 98
3. Saved value of integral | — /OUTPUT/,
I; = (ZI3) or 156, 163, 170
= (ZIe)
Z4 1. Free-stream pressure | Ibf/ft 21, 22, 29, 30
Pe
2. Saved value of _ 86, 91, 94, 98
Ce, (CFA)
3. Saved value of integral | — /OUTPUT/,
= (ZI2P) 157, 164, 172
Z5 . 1. Free-stream tem- °R 21, 22, 29, 30
perature Te
2. Saved value of — 93, 94
(z4 - z3)/(Z22 - Z1)
3. Saved value of integral | ~— /OUTPUT/,
Ij = (ZI1P) or 158, 165, 172
I = (ZI3P)
~ ZETA Shape factor' J— /OUTPUT/,
= (a/6)" 152, 16%
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TABLE 4, SUBROUTINE BARPRO NOMENCLATURE (Continued)
hl .
J ‘ Symbol Description Units Reference
: z11 Integral — /OUTPUT/, 161
| 1
§ = [ £ s"(1 - 8)ds
- o Pe
Z12 Integral — /OUTPUT/, 162
1
L= [ £ s"s
(o] pe
VAR] Integral —_— /OUTPUT/, 163
4
= [ 25"
0 pe
Z14 Integral —_ /OUTPUT/, 154
¢
L= [ £s"(1-s)as
(o] pe
Z15 Integral —_— /OUTPUT/, 155
1
L= [ =s%1.s)as
t Pe
716 Integral —_— /OUTPUT/, 156
4
IG = f L Snds
(o] pe
717 Integral _— /OUTPUT/, 157
1 4
I7 = f —p' Snds
t Pe
ZI1P Integral —_ /OUTPUT/, 158

1
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TABLE 4, SUBROUTINE BARPRO NOMENCLATURE (Concluied)

Symbol Deseription Units Reference
7ZI12P Integral — /OUTPUT/,
1/¢ N 164
= [ w1 .-waw
o Pe
Z13P Integral o /OUTPUT/,
1 P 1 165
=/ p—w“‘ (1 - W)dw
1/t "e
ZINTPR | Array of Hollerith headings — DATA,
for printout of integrals DIM, 168,
169, 170,
171, 172
ZME Mach number of free-stream — /OUTPUT/,
M, 2, 4, 51,
77, 97, 167
ZMEP dMe/dx 1/t 2, 171
ZMTAB | Mach number table related —_— /TABLES/,
to IXTAB array 2, 20, 28
ZMU Viscosity of free stream lbm/(sec-ft) 34, 59
He
ZMUO | Stagnation viscosity “ Ibm/(sec-ft) /INPUT/,
34
ZMVIS | Exponent in viscosity - f— /INPUT/,
temperature law 34, 63,
83
ZNSTAN| Interaction exponent in —_ /INPUT/,
Stanton number relation & 112
66
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SUBROUTINE BARSET

Subroutine BARSET compuies program constants and setg up specific
heat Cp and enthalpy H versus teraperature T tables and tables of pressure
P and temperature T as a function of axial distance x for the inviscid flow.
The entropy S for T and P can be determined,

Evaluation of enthalpy is as follows:

T
n(t) = H, + [ c (t)at
1 Ti P
T, .
H(T) = [ c(t)dt + | c (at
o p Ti P
T, T, T T
H(T) = [ c(9dt+ [ c(Dd+ [ ¢ (at + ...+ [ C (t)dt
o P T, P T, P T, ©
T
+ [ c(that .
o D

The first integral is evaluated assuming that the Cp - T curve is

linear from T = 0 to T = Ty.

The value of C,at T =T is C). The value of de/dT at T = Ty
is BCP4. Thus for

0<T<Ty ,

= + -
cp C BCPl(T 'rl) ,

pl
T1 T1
C (t)dt = [c_ + BCP(T -T)ldT .
{ S(®) { » (T -T))
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Therefore, one obtains

T, BCP,
of Cp(t)dt =C Ty -——T; -

The remaining integrals can be evaluated gradually from the expression for C

Tir1 Tir1

)dt = + - + -T.)?
{ c (that { [C; * BCP(t - T)) + CCP (¢ -T))
i i

+ DCP(t - Ti)3]dt ,

where
d2
ccp, = =+ ( P
i 20\ ’
t=T,
1 d’c
DCP, = = |\ —F
i 31 \dt’ t=1T )
1
Therefore,
Tira (T, ., -T)? 1
[ c(a=c (T, -T)+BCP —L__1 7
T P pi’ i+l i i =
i 7
=
(r,, -T) (T, ., -T,)¢ i
+cep, — =L\ pop —HL_ 1 ‘
i 3 i 4
and
T (T - Ti)2 (T - T1)3 :
= -T,) + +
'I[ Cp(t)dt Cy(T -T,) + BCP, —— CCP, —
! (T - 1)
+ DCP, - .
|-
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By assuming that

Ty
o= [ c_(t)at
: P
)
!
| Ty
o Hy= Hy+ [ € (t)dt
| Ty
i .
:
és |
4 . T,
: Cu |
Ho=H f Cp(t)dt ,
T,
i-1

then.

(T -T)2 (T -T,)° (T -T)*
+ CCP, Lo+ DCP, — L

H(T)=H,+C (T -T,) + BCP,
i pi i i

The values of Hi are calculated and stored in BARSET under the name

HTAB (I).

Evaluation of entropy is as follows.

1

=

—

j=]
N
o
\/

Mg e £ Ry

Arbitrarily S = 0 canbe setat T = Ty and P = P0 where T, is the first

L 1]

point of the Cp - T table and P0 is the stagnation pressure,

T, T=T, P

0= S +f Mdt+ Mdt-Rln (._9 o
o] t t P
TO Ti (o]
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0= 8 + f ——It dt
T
o

‘Thus the entropy will be evaluated from the above equation,
T C (t)
= P P
§= — - o .
f — dt - Rln (P )
I‘i (6]

By definition

P

P'R'E —
R1n<P ) ,

(o]

then

T C (t)

s= [ L£—a-pr
Ty
T, C (t) T3 C_(t)

S— f _pt_'-dt+ f -p—dt+ XY
Ty Ty
T ¢ (t) T C (t)

+ [ A [ B -pw

Tia i
i-1 Ta1c (1) T C_(t)

s=) [ L—a+ [ E—a-Pr .
=17, T,

|
;
i .
1

B 0 T v T

=1

€1 g K ‘l“&n‘; \

PICEL STV




From the expression for Cp,

T .
i-1 j+1 C_,+ BCP, (t-T,) + ccP (t - T)* + DCP (1 -1))
pj J i i i 1 i

S = Z r. (lt

= t
=1 lj

T C.,+ BCP(t - T) + CcCP(t -T)2+ DCP(t ~7T)°

+f Pi i i _1 i i & - pR .
o t
I,
1
i1 Ty c,; BCP(t-T) CCP(t-T)! DCP(t-T)
n t t t t
j=1 T,
i
T [C BCP(t -T,) ccz(t.-T)* DCP(t-T)3
_*_f 2 i Vo, i LA i 1l ldt - P'R
t t t t

T,

1

i-1 5

t
S = Z c Int + BCP(t - T, Int) + CCP (= - 2tT, + T®Int )

j=1] P j j i\2 i

r

3 3T, j+1
+ DCP | = = == + 3(T% - T31n ¢
j\3 "2 [ R P

j

g Ny £ 1 de

t2
+ + BC - - - + T2
[Cpi Int BCPi(t T, In t) + ccpi<2 24T, + T In t)

£

i\3 2 i

3 3tT by
t i 2 3 'Rt
+ DCP |- + +3tTi-Tlnt - P'R
i

T
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i-
s=)
j:

1|-
L

C r + 3 - 2] \
piln Fj+1 PCPj(Tj+1 len lJH,
r1\2
i+l
+ CCP\—— -~ 27, T + 12 InT
i\ 2 IR j it
' 312 T
+ DCP_( A k2
J

+ DCP,
i

oo
J

+C .InT+ BCP(T -T,In T) + CCP, Lo o+ T2In T
p1 i i LI\ 2 i i

pji

3

2
<T3 31T,

3

TS

.

3

2

-C T, - BCP.j(Tj - Ti In '1‘],) - cc1>i<-i

0

I

_l_ :3!‘[\‘ IJ\?: - '1\:5 1]] ll‘
1] i

1
711?,

2

3T?T,
B g LA L B
2 i j j

+ 3TT2i - T*“; 1n T>

i

- 2T+ '1‘2‘ In 'J‘.)
) J J

T?
-C .In T, -BCP(T, - T - L + T2
plln : 1( ; ,In Ti) ccpi( > z'ri'ri T4 In Ti)

- DCP,
i

T?

- _3 1!

3

T2T,

1
2

1

+3TT - T3In T, |- P'R
11 1 1

[ BT TRPOr TR RIS 2

F .

»
¥
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i-1 T
+1
§S=Y | ] C,-BCPT, + CcCcPT? . DCP T?
j‘;] Tj ( pl il i) j J)
+ (7 ~ T)(BCP, - 2CCP.T, + 3DCP T?
( jt1 .1)( i 1 i j)

cep T3
+ (T2i+1 - T?]) ""'—'j - §' DCP Tj>+ -—Li.1 -

+ InT (C_, - BCP,T, + CCP,T? - DCP,T?)
pi i ii ii

i

+ T (BCPi - 2CCP,T, + 3DCPiT2i)

i

(ccpi 3DCP, ) -
+ T2 - + -
™\ 7 Ty * 3 DCP

-InT(C . - BCP,T, + CCP.T? - DCP,T%)
i’ pi ii ii i1

- T.(BCP, - 2CCP,T, + 3DCP,T?)
1 1 11 11

- T2
i

(ccpi 3DCP, ) DCP

- 31
> 7 T - T —=—-PR .,

By letting
BARB1, = C , - BCP,T. + CCP.T? . DCP.T?
i pi ii ii ii

BARB2, = BCP, - 2CCP_T, + 3DCP,T? ,
i i iTi i

CCPi 3
BARB3i = —2— - -2- DCPiTi ’

TB
j

E)

)DCPj
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then

[
s -V S BaRBL + (T - T) BARB2,
T r, J i1 i J
j j

neP,

- 1% BARB3, + (1% 1% —
j j [T S )

2
| Hjc-i

DCP.
+ In T BARBL + T BARB2, + 2 BARB3, + 3 T‘l'

DCP,

_1n T. BARB1, - T, BARB2, - T BARB3, - T! —— - P'R! .
i i i i i i i 3

The terms G1 and G2 are defined as follows:

T
J*1 BARB1. + (T. . - T.)BARBZ.
) TJ. J 1 j ]

G1

I
“.L-..4 .

DCP,

- T BARB3, + (T3 - T%) —],
j j T

. 9
+ (TJ.+ 3

1 .

i}

G2 = 1In T, BARB1, + T, BARB2, + T2 BARB3, + T? —— .
i i i i i i i 3

Then
TDCP,
! _G2-pmR .

S=GL+InT BARBii + T BARBzi + T2 BARBsi +

By letting

G =Gi-G2 ,
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R O

once finally obtains

3
S = c.i + BARBli InT + BARB2iT + BARB31T2 + DCPi g‘— - P'R'

The terms G1, G2, Gi’ BARB1 BARBZi, BARBBi are evaluated in

i,

BARSET,
COMMON BLOCKS

COMMON blocks CSEVAL, INPUT, and TABLES are used.
TBL SUBROUTINES

3 Subroutine DIRECT calls BARSET,

BARSET calls subroutines BMFITS, SEVAL, QUITS, and GETPT,

FORTRAN SYSTEM ROUTINES

FORTRAN library routine ALOG is used.
CALLING SEQUENCE

The subroutine calling sequence is:

CALL BARSET
SOLUTION METHOD

Set the circular constant 7.

1, PIE = 3,14159265

Multiply sea-level acceleration with the conversion factor ‘
relating thermal and work units. - L

S MR f 1R A A Ty, R T |,

2. FJIG = (FJ)(G)

Divide the specific gas constant by the conversion factor
relating thermal and work units,

3. ROJ = (RBAR)/(¥J)

Set TMAX equal to the free-stream stagnation temperature.




4. TMAX = TO

Set indicator I1 for nominal entry.
65, I1 =1

Test whether adiabatic wall temperature (ITWTAB = -1),

, constant wall temperature (ITWTAB = 0), or tabular wall
temperature (ITWTAB = 1) is to be used,

6. If ITWTAB > 0, goto 7

If ITWTAB = 0, goto8

o ocarag

If ITWTAB < 0, go to 12

Set I1 equal to the number of points in x, y, and M tables (IXTAB).

7. I1 = IXTAB

Check and save the maximum value of the wall temperature tabulated
(TWTAB).

8, DollI =1, 11
9. If TWTAB (I) < TMAX, go to 11

If TWTAB (I) 2 TMAX, go to 10

Save the maximum value of TWTAB,
10. TMAX = TWTAB (I)

11, Continue.

AR, S R B 7R ID s S

Test whether constant specific heat calculation (ICTAB = 0)
or specific heat table is required (ICTAB > 0).

12, If ICTAB = 0, go to 47

If ICTAB # 0, ge to 13

76
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Check whether the temperature input value (TMAX) exceeds the table
upper limit.

13, If TMAX < TCTAB(ICTAB), go to 16
1f TMAX = TCTAB(ICTAB), go to 14

WRITE TCTAB(ICTAB) and TMAX, when the table upper limit
‘ TCTAB(ICTAB) is excceded,

14. WRITE TMAX, TCTAB(ICTAB)

Stop the calculation by calling QUITS,

15. Goto 49

Save the number of points in Cp versus T table (ICTAB).

16. NOCTAB = ICTAB

The following calculation, down to step 43, is only used for specific
heat polynomial, enthalpy, and entropy equations, Call subroutine
BMTAB to determine polynomial coefficients BCP, CCP, and DCP,

17. CALL BMFITS (TCTAB, CPTAB, ICTAB, BCP, CCP, DCP)

Calculate temperature and various powers thereof,

18, TIE1l = TCTAB(1)

19. TIE2 = (TCTAB(1))?

il

-20, TIE3 = (TCTAB(1))®

Calculate the enthalpy at T.

S ae e W R ‘!v%‘w_.v.

21, HTAB(1) = (CPTAB(1))(TIE1l) - (BCP(1))(TIE2)/(2.0)
A term in entropy equation

22, BARB1(1) = CPTAB(1) - (BCP(1))(TIE1l) + (CCP(1))(TIE2)-
(DCP (1)) (TIE3)
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I'irst derivative of the above equation with negative sign

23. BARB2(1) = BCP(1) - (2.0)(cCcP (1)) (T111)
+ (3.0) (DCP (1)) (T1122)

Sceond derivative of the equation 22 times (-0, 25).

24, BARB3(1) = ((ccP (1)) - (3.0)(bep (1)) (TiE1)/(2.0)
First term of the entropy equation

- | 26, GTAB(1) = -(BARBI(1))(Ln(11E1)) - (BARB2(1))(TIE1).
: (BARB3(1))(TIE2) ~ (DCP(1))(TIE3)/(3.0)

Set entropy summation term to zevo,

26, G1 = 0,0

Store the enthalpy and coefficients of entropy equation at each
temperature corresponding to Cp - T table,

27. Do 43, 1= 2, ICTAB

Save T1 = TIE1, T1% = TIE2, T1® = TIE3.

28, TME1 = TIE1l

25, TME2 = TIE2

30, TME3

TIE3

Set new values from Cp - T table.

31. TIEl = TCTAB (I)

32, TIE2

(TIE1)(TIE1)

S Mg ey £ 1R

33. TIE3

I

(TIE1) (TIE2)
Determine the temperature difference (Ti - Ti 1).
34, DELT = TIE1-TME1

Enthalpy at temperature Ti from Cp - T table, )
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36, HTAB(I) = HTAB(I - 1) + (CPTAB(I ~ 1)) (DELT)

+ (BCP(I -~ 1))(DELT)2/(2.0)
+ (CcCP(1 - 1))(DELT)3/(3.0)
+ (DCP(I -~ 1)) (DELT)*/(4.0)

Check whether the value of I cquals or exceeds ICTAB,
36, If I = ICTAB, go to 43

If T < ICTAB, go to 37
Determine the coefficients used in the entropy equation:

S = GTAB(I) + BARB1(I) Ln T + BARB2(I) T + BARB3(I) T?
+ DCP(I) T¥/3 - R Ln(P/Po).

37. BARBI(I) = CPTAB(I) - (BCP(I))(TIE1) + (CcCP(I))(TIE2)
- (DCP(1)) (TIE3)

First derivative of the previous equation

38. BARB2(I) = BCP(I) - (ccp(1))(TIE1)/(0.5)
+ (3.0) (DCP (1)) (TIE2)

Second derivative of 37 times (-0.25)
39. BARB3(I) = (CCP(I) - (3.0)(DCP(1))(TIE1))/(2.0)

Sum up terms in entropy equation,

40, Gl= Gl + (BARB1(I - 1)) (Ln((TIE1)/(TME1)))
+ (BARB2(I - 1)) (DELT)
+ (BARB3(I -~ 1))(TIE2 - TME2)
+ (DCP(1 - 1)) (TIE3 - TME3)/(3.0)

41. G2 = (BARBI1(I))(Ln(TIE1)) + (BARB2(I))(TIE1)

+ (BARB3(1))(TIE2) + (DCP(1))(TIE3)/(3.0)
42, GTAB(I) = G1 - G2
43, Continue
Determine the number of input intervals minus one,

44, IS = ICTAB -1

h e L] Jnee
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Stagnation enthalpy II0 and speeific heat Cpo arc obtained from

subroutine SEVATL for a given stagnation temperature,
45. CAILIL SEVAL(1, T0, CPO, H0)
Calculation of specific heat ratio at stagnation point

“ (y() - Lpo/(cpo - R/3)

46. GAMO = (CP0)/(CP0O - ROJ)

When this specific heat ratio 'yo is less than 1, check for inconsistant

units and stop the calculation. Otherwise continue.

47. 1If GAMO > 1.0, go to 50
If GAMO = 1.0, go to 48
48. WRITE GAMO
Subroutine QUITS stops the computation.
49, CALL QUITS

Set ('yo - 1)/2 as

50. GM102 = (GAMO - 1.)/(2.)

51. GOGM1 = (GAMO)/(GAMO - 1.0)

Save the stagnation pressure.

Mgt Yy £

52. POMAX = PO

-y

Generate the table of free-stream pressure Pe and temperature Te'

Pe and Te are obtained for a given Me by using subroutine GETPT,

53. Do 54, I = 1, IXTAB
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54, CALL GETPT(ZMTAB(1), PITAB(I), TITAB())

Calculation of the free-stream enthalpy in the case of C = constant.
p

This calculation continucsg to step 85.
55. If ICTAB > 0, go to 85

If ICTAB = 0, go to 56
Set
66, NOCTAB = 6
Save NOCTAB minus one,
57. NOCTM1 = NOCTAB -~ 1
Save NOCTM1,
58, IS = NOCTM1

v R

o

Iy, - 1)

Compute the specific heat for stagnation condition C o =

59. CP0 = (GOGM1)(RBAR)/(FJ)

Y gR
Calculate the specific heat in work units C;) = 5 2 T -
0

60. CJG = (CP0)(FJG)

Compute stagnation enthalpy in work units.

61. HO = (CJIG)(T0)

If the free-stream temperature exceeds the stagnation temperature,
set the former as TMAX,

62. Do66, I = 1, IXTAB

Set the free~stream temperature equal to the table value Te.

it ey L1 Y AN AT | W T o me— i i WERET
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o 63, TE = TITAB(I)
64, If TE = TMAX, go to 66
l If TE > TMAX, go to 65
Save T .,

e
65. TMAX = TE
66, Continue

Set the maximum temperature in the table to TMAX plus a hundred.

67. TCTAB(NOCTAB) = TMAX + 100.0

Set the first temperature table value to 10~19,

68, TCTAB(1) = 1,0E-10
Obtain NOCTM1 as a real number.,

69. Z1 = NOCTM1

TMAX + 100 - (1.0E - 10)

Definition of DELT = 5

70. DELT = (TCTAB(NOCTAB) - TCTAB(1))/(Z1)

Compute first term in entropy equation.

71. ERASE1l = -(CP0)(Ln(TCTAB(1))

Compute the coefficients for the specific heat polynomial
and entropy equation.

B AR SRV 4

72. Do84,I= 1, NOCTAB
Save ERASE1.

73. GTAB(I) = ERASE1
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Set the speeifie heat Cpo in Cp table to a constant value.
74. CPTAB(I) = CPo0
Set cocefficients in the Cp = polynomial cqual to zero,
75. BCP(I) = 0.0
76. CCP(I) = 0.0
77. DCP(I) = 0.0
Set cocfficients in the entropy polynomial,
78. BARBI(I) = CP0
79. BARB2(I) = 0.0
80. BARB3(I) = 0.0
Compute table values of enthalpy corresponding to TCTAB,
81. HTAB(I) = (CP0)(TCTAB(I) - TCTAB(1))
82. If I 2 NOCTM1, go to 84
If I < NCOTM1, go to 83
Generate the temperature table TCTAB.
83. TCTAB(I + 1) = TCTAB(1) + DELT

84. Continue

Check whether variable wall temperature option (ITWTAB # 0) is used.
85. If ITWTAB # 0, go to 87
If ITWTAB = 0, go to 86

Obtain the specific heat and enthalpy for constant wall temperature by
calling the subroutine SEVAL,

86, CALL SEVAL(1, TWTAB(1), ERASE1, TWTAB(2))

A TR -
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Obtain the stagnation entropy from stagnation temperature and pressure
by calling the subroutine SEVAL,

87. CALL SEVAL (0, To, P0, S0)

§8. Return

Tahle 5 gives subroutine BARSET nomenclature,

TABLE 5,

SUBROUTINE BARSET NOMUENCLATURIE

T s TP BT N T o M T T T T

Symbol Desceription Units Reference
BARB1 Cocfficient in polynominal Btu/(lbm-*R) | /CSEVAL/,
equation 22, 25, 37,
40, 41, 78
BARB2 TFirst derivative of BARB1 Biu/(lbm-°R?*) | /CSEVAL/, ,
(negative sign) 23, 25, 38, |
40, 41, 79
BARB3 Second derivative of Btu/(lbm-°R%) | /CSEVAL/,
BARBI1 times -0.25 24, 25, 39-
41, 80 ;
BCP Coefficient in the C -T Btu/(lbm-"R?) | /CSEVAL/,
relationship determined by ;Z,’ ;; _2;3’
BMFITS 75’ ? i
CCP Coefficient in the Cp-T Btu/(lbm-°R3) | /CSEVAL/,
relationship determined by ;Z’ i;-ig’
BMFITS 76 I
CJG Specific heat at stagnation ft?/(sec?-°R) /CSEVAL/, 1
condition in work units 60, 61
CPO Specific heat at constant Btu/(lbm-°R) | /CSEVAL/, N
pressure at stagnation 45, 46, 59, T
condition 60, 71, 74, 2
81 =
CPTAB | Array of Cp values corre- | Btu/(lbm-°R) | /CSEVAL/,
sponding to the values in ig’ 23;’ gi’
the temperature table ST T
DCP Coefficient in the Cp-T Btu/(1bm-°R?) | /CSEVAL/,
relationship determined by ;;’ g,? -Z?’
BMFITS PETED
77
84




TABLE 5. SUBROUTINE BARSET NOMENCLATURE (Continued)

Symbol Deseription Units Reference
DELT Temperature difference "R 34, 35, 40,
between two values in C =T 70, 83
table ’
FRASED | Minus value of stagnaiion Btu/(hm-"1R) | 71, 73, 86
specifie heat multiplied hy
the naturai logarithm of
TCTAB (1)
g Conversion fctor hetween (rt-1bf) /Btu /INPUT/,
thermal and work units 2, 3, 59
1'JG 1'J multiplicd by G (ft,-1bm) /CSEVAL/,
thu_scc!') 2, 60
G Acccleration of gravity (Ibm-£t) /INPUT/,
used as a proportionality (Ibf-sce?) 2
constant
G1 Summation of entropy Btu/(lbm-°"R) 26, 40, 42
terms
G2 Intermediate term for Btu/(lbm-°"R) | 41, 42
centropy equation
GAMO Specific heat ratio at — /INPUT/,
stagnation condition 46-48, 50,
51
GM102 One-half the specific —_ /CSEVAL/,
heat ratio for stagnation 50
condition minus one
GOGM1 | Specific heat ratio at — /CSEVAL/,
stagnation condition 51, 59
divided by the specific heat
ratio minus one
GTAB Array of terms used by Btu/(Ibm-°R) | /CSEVAL/,
SEVAL 25, 42, 73
HO - Stagnation cnthalpy ft*/sec /CSEVAL/,
45, 61
HTAB Array of enthalpy values Btu/lbm /CSEVAL/,
21, 35, 81
I Do loop counter —_ 8-10, 27, 31,

55-42, 53,
54, 62, 63,
72-83
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TABLE 5. SUBROUTINE BARSET NOMENCLATURE (Continued)

Symbol Description Units Reference
I1 Saved value of one or — 5, 7, 8
IXTAB
ICTAR Indicator; = 0, constant —_— /INPUT/,
specific heat calculation; 12-14, 16,
= (3 = ICTAB = 20), 17, 27, 36,
number of Cp values in 44, 55
input table
IS Number of C values in — /CSEVAL/,
b 44, 58
input table minus one i
ITWTAB | Indicator; = -1, TW —_ /INPUT/,
= adiabatic wall tempera- 6, 85
ture; = 1, IXTAB input
values of Tw are used
IXTAB Number of points in the x, - /INPUT/,
y, and Mach number tables 7, 53, 62
NOCTAB | Saved value of ICTAB —_— /CSEVAL/,
16, 56, 57,
67, 70, 72
NOCTM1 | NOCTAB minus one —_ 57, 58, 69,
82
PO Stagnation pressure 1bf /ft2 /INPUT/,
52, 87
POMAX | Saved value of stagnation 1bf /ft? /CSEVAL/,
pressure 59
PIE Circular constant « —_— /INPUT/,
1
PITAB Pressure table for nozzle 1bf /£t2 /TABLES/,
contour points, X, y, 54
corresponding to IXTAB
values; obtained from
GETPT
RBAR Specific gas constant: (ft-lbf) /INPUT/,
universal gas constant (Tbom-° R) 3, 69
divided by molecular
weight J
86
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i TABLE 5. SUBROUTINE BARSET NOMENCLATURE (Concluded)
{ -
; Symbol Dcsceription Units Reference
i ROJ Speeifie gas constant in Btu/{lbm-"R) | /CSKVAL/,
’T thermal units, RBAR 3, 46
i divided by ¥ B
- S0 Stagnation entropy Btu/(lbm-*R) | /CSEVAL/,
87
TO “Smgnm,ion temperaturc °R /INPUT/,
; 4, 45, 61,
} 87
; TCTAB Temperaturce values °R /CSEVAL/,
» corresponding to ICTAB 13, 14, 17~
: values in increasing order 20, 31, 67,
' defining C -T tables 68, 70, 71,
§ P 81, 83
TE Saved value of TITAB °R 63-65
TIE1 Saved value of TCTAB (I} °R 18, 21-.25,
28, 31-34,
37-41
TIE2 Squared value of TIE1 °R* 19, 21-23,
29, 33, 37,
38, 40, 41
TIE3 Cubed value of TIE1 °R3 20, 22, 30,
33, 37, 40,
41
TITAB Temperature table °R /TABLES/,
corresponding to IXTAB 54, 63
values for contour points x,
y; obtained from GETPT
TMAX Saved value of maximum °R 4, 9, 10,
temperature 13, 14, 64,
65, 67
TME1 Saved value of TIE1 °R . 28, 34, 40
TME2 Saved value of TIE2 ° R* 29, 40
TME3 Saved value of TIES °RY 30, 40
TWTAR | Wall temperature table °R /TABLES/,
corresponding to IXTAB 9, 10, 86
values for wall locations
Xy Y.
Real value of NOCTM1 69, 70

i Z1
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SUBROUTINE BMFITS

Subroutine BMFITS computes the cocefficients from a cubie spline
fit routine using tablular data.

a8,

COMMON BLOCKS
" No COMMON bhlocks arc uscd,

TBL SUBROUTINES
‘ » Subroutinc BARSET calls BMIITS.
BMFITS does not call any TBL subroutines.

FORTRAN SYSTEM ROUTINES

No FORTRAN library routines or built-in FORTRAN functions are
used.

CALLING SEQUENCE
The subroutine calling sequence is
CALL BMFITS (X,Y,N, BL,CL, DL)
where

X = array of independent table values,

Y = array of dependent table values,

N = number of values in the X and Y arrays,

LR TR

BL = array of coefficients for first-power term,

B2

CL = array of coefficients for second-power term,

DL = array of coefficients for third-power term.

Gt e
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SOLUTION METHOD

| o Initialize array subscript counter to one,

|
1 Compute difference between adjacent values in X array.
l

2. FL(I) = X(I+ 1) - X(1)

Increment subscript counter,

Check whether subscript counter has covered the complete X array.
4, If I < N, goto2

HI=N,gotob

Set subscript counter to two.

5., I=2

Compute intermediate terms.

6. B(I) = ~(FL(I - 1))/(FL(I))

7. A(T) = -(2.0)(FL(I) + FL(I - 1))/(FL(I))

8. C(1) = ((6.0)/(FL(1)) ((Y(1 + 1) - Y(I))/(FL(1)) - (Y (1) 5
-Y(1 - 1))/(FL{ - 1))) :

Increment subscript counter. ' j
¥

9. I=1I+1

-y

Check whether subscript counter has covered the complete array.

10. f I <N, goto®

fI=N, gotoll




Initialize intermediate terms.

n

11. G(2) = 1.0

]

12. F(2) = 0.0

Set subscript counter to three.

Compute intermediate terms.
14, G(I) = A(I - 1) + (B(I - 1))/(G(1 .. 1))
15, F(I) = ~((B(I - 1))(F(I - 1))/(G(I - 1)) + C(I - 1))
Increment the subscript counter,
16. I=1+1
Check whether the subscript counter has covered the complete array.
17. If I = N, goto 14
IfI>N, goto18
Compute intermediate array terms starting with the last value.
18. YPP(N) = (F(N))/(G(N) - 1.0)
19. YPP(N - 1) = YPP(N)
20 I=N -2
21. YPP(I) = (YPP(I + 1) + F(I + 1))/(G(I + 1))
Decrement subscript counter.
22, I=1-1

Check whether subscript counter has reached zero.

< T LA RN T T R T T e ——— e g ¢ o - -
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23. fI> 0, goto21
IfI = 0, goto24

Set subscript counter to one,

Compute array of polynomial cocfficients,

25, BL(I) = (Y(I + 1) - Y(I))/(FL(I)) - ((FL(D))(YPP(L + 1)
+ (2.0)(YPP(1))))/(6.0)

26. CL(I) = (YPP(I))/(2.0)
27. DL(I) = (YPP(I +1) - YPP(1))/((6.0)(FL(1)))
Increment subscript counter,
28, I=1+1
29, If I < N, goto 25
IfI = N, goto30
30. Return

Table 6 gives subroutine BMFITS nomenclature.

TABLE 6. SUBROUTINE BMFITS NOMENCLATURE

S e e Cf )

Symbol Description Units Reference
A Array of intermediate terms - DIM, 7, 14
B Array of intermediate terms —_ DIM, 6, 14,
15
BL Output array of polynomial Btu/(lbm-° R?) CALL, DIM,
coefficients 25
C Array of intermediate terms —_ DIM, 8, 15
CL Output array of polynomial Btu,/(1bm-° R®) CALL, DIM,
coefficients 26
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TABLE 6. SUBROUTINE BMFITS NOMENCLATURE (Concluded)

Symbol Description Units Reference
DT. Output array of polynomial Btu/(lbm-"R%) CALL, DIM,
coefficients 27
F Array of intermediate terms —_— DIM, 12,
15, 18, 21
FL Array of intermediate terms °R DIM, 2, 6-8,
25, 27
G Array of intermediate terms —_— DIM, 11,
14, 15, 18,
21
I Array subscript counter — 1-10, 13-17,
20-29
N Input dimension of table — CALL, 4,
arrays 10, 17-20,
29
X Input array of independent ‘R CALL, DIM,
table values 2
Y Input array of dependent Btu/(1bm-°"R) CALL, DIM,
table values 8, 25
YPP Array of intermediate terms —_ DIM, 18, 19,
21, 2527
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SUBROUTINE DIRECT

Subroutine DIRECT controls the overall flow of the program, It calls
subroutines which successively read in data, compute program constants, fit
curves, and then obtain the boundary layer solution,
COMMON BLOCKS

No COMMON blocks arc uscd,
TBL SUI'S'I.{()U‘i‘IN S

Subroutines MAINTB and QUITS call DIRECT.

DIRECT calls BARCON, BARSET, and READIN,

FORTRAN SYSTEM RCUTINES

No FORTRAN library routines or built-in FORTRAN functions are
used.

CALLING SEQUFNCE
The subroutine calling sequence is: CALL DIRECT.
Call subroutine to read input data.
1. CALL READIN
Call subroutine to compute constants and initialize data.
2. CALL BARSET
Obtain the boundary layer solution .
3. CALL BARCON
Read in the next case.

4, Goto1l
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SUBROUTINE CFEVAL

Subroutine CFEVATL cvaluates the skin friction coefficient C R

function of 51_ ﬁ5 based on Coles' relationship, For values of (—Jf ﬁ{)‘ such

as a

that 0 < '(‘fl, R- < 2,51, (_)[. is cvaluated from

o = 0.009896
= TR0
t (Cf Tio)

For values of (_ff ﬁg, such that 2,51 =< Ef ﬁ§ < 1982759.2, 6f is

evaluated from a cubic spline fit of log ((-If) versus log (C I_{é-) from input

f

data. All other values of C'f ﬁé- are considered out of range. ‘

COMMON BLOCKS
No COMMON blocks are used.
TBL SUBROUTINES

Subroutines BARPRO and START call CFEVAL,
CFEVAL calls subroutine QUITS,

FORTRAN SYSTEM ROUTINES
FORTRAN library routines ALOG and EXP are used.
No built-in FORTRAN functions are used

CALLING SEQUENCE
CFEVAL is a function routine and is called as:
CFBAR = CFEVAL (CFRT),

where CFRT is the skin friction coefficient multiplied by the Reynolds
number based on the momentum thickness, and CFBAR is the skin
friction coefficient.

B I I O Al o aore s Tt v or TTER RN

SOLUTION METHOD
Save Cf ﬁé = (CFRT).

1. Z = CFRT
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Check the sign of C'f ﬁg'
2, f Z = 0, go to 6

If Z2>0,goto3

Check whether the integer 1Z of Z = (C fﬁ§) is greater, equal, or

smaller than the integer IX(J) of the X table values.

3. If 1Z > 1X(J), go to 18

If 1Z

]

X(J), go to 13
If 1Z < IX(J), go to 4

Set

Check
5, If J> 0, goto3
If J=0,go0to9
IfJ<0,gotob
Set J equals one and print a message.
6. J=1
7.. WRITE Z, ZERO, X(8)
Stop calculation and go to next case.
8. CALL QUITS
Check the sign of Z = CFRT,
9. f Z = 0.0, goto6

If Z > 0.0, goto 10
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{ .
4 Set
oy "

]

i 10, J =1

i

‘ rai p—

| Compute C,= (Y) from the rclation C_ = 0'00989.6 &
| f t (C, R)"-™

f ¢ B

|

11, Y = (0,009896) /(Z)0+ 5%
12. Goto 16

Save the natural logarithm of Z = CFRT,

13. ZL= Ln(%)

Compute In(C f) = YL by using the polynomial cquation obtained from

[

Coles' experimental data, in the case 2.51 = Ef ﬁ@ < 1982759.2.

14. YL.= D(J) + (zZL)(c(3) + (zL)(B(J) + (ZL)(A(J))))

Obtain ﬁf =Y from.ln(ﬁf).

15. Y = Exp (YL)
Define CFEVAL representing C ¢
16, CFEVAL = Y

17. Return
Compare the integers of IZ and IX(J + 1). ' "
18. If 1Z = IX(J + 1), go to 13 y

If 1Z > IX(J + 1), go to 19
Set
19, =J+ 1

Check whether J exceeds eight.

! St it s SR




20.

Table 7 gives subroutine CFEVAL nomenclature.

IfJ=8,gotob

If J <8, goto18

TABLE 7. SUBROUTINE CFEVAL NOMENCLATURE
Symbol Description Units Reference
A Cocfficient in ln((—l-f) versus — | DATA, DIM, 14 ;
In (Cf Rg) polynomial i
B Coefficient in In \(_J'f) versus — | DATA, DIM, 14 |
= 64
In (C ¢ ﬁé-) polynomial ;
C Coefficlent in In (C,) versus | DATA, DIM, 14 ‘J
In (C ¢ —Ré) polynomial
CFEVAL| Saved value of Y, skin friction — 16
coefficient C'f 3
CFRT Cf R§ . CALL, 1 "
D Coefficient in In (Cf) versus — | DATA, DIM, 14 ¥
In (Ef 1_%'5) polynomial ?
X Integer value of X - | DIM, EQUILV, 3, "
18 >
1Z Integer value of Z —_— EQUIV, 3, 18 §:
T Indicator to pick up data —_— DATA, 3-6, 10, o
14, 18-20
X Input value of Cf R‘e‘ (data) — | DATA, DIV,
EQUIV, 7
Y [§) £ Skin friction coefficient — 11, 15, 16
YL In (C,) — |14, 15
{ >
Z Saved value of .CFRT = R- _— EQUIV, 1, 2, 7,
f0
9, 11, 13
ZERO ] 0.0 — | DATA, 7
ZL 1n(<':‘f R.) — |13, 14
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SUBROUTINE FIIF

Subroutine FIIT defines the function (of S) to be evaluated by the
numerical integration routine INTZET, Three second-degree coefficients

(A, B_, C_) and an exponent value n are determined by subroutine ZETAIT,
P F CF P
Enthalpy value h is comouted from
Ho " Hw Ufs
h = o em—— + -— Q2
h Hw z S 2 S
= + 2 .
AF + B_ S CF S

(AFINT) (BFINT) (CFINT)

Entering subroutine SEVAL with h, the temperature t is obtained.
The appropriate form of the function is then evaluated for

(T
IFINT = 1, £(5) = | =2 £ (1 -8) ... FUF (8)
and
Te \ n
IFINT = 2, f(s) = ?e s .., FIIF () ,

where Te /t has been used for 5/ Pe *

COMMON BLOCKS —
COMMON block COFIIE is used.

TBL SUBROUTINES
Subroutine INTZET calls FIIF,
FITF calls SEVAL,

FORTRAN SYSTEM ROUTINES

No FORTRAN library routines or huilt-in FORTRAN functions are
used,

S8
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P CALLING SEQUENCE

i FIIF is a function routine and is called as

Y = FIF(8),

-

where S is an independent variable 0 = § = 1 and defined as

« - S_E'=<¥'>1/n
U 8
or
h -H y 1/n i
sew-f-p (%) - |
i
FIIF (s) represents ‘
Te n Te n :
-E—S(i-S)or%—S ‘ ‘ o ) _ , o

SOLUTION METHOD
Initialize power summation term to 1.0.

1. STOM = 1.0

Check the sign of power index n used in the velocity and enthalpy

distribution equations. MMINT = (n) is defined in subroutine ZETAIT.
2. If MMINT = 0, go to 5 :
F
If MMINT > 0, go to 3
. :
Save "S ' as STOM. )
3, Do4, I =1, MMINT
¢
§
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E 4, STOM = (STOM)(S)

Calculate the enthalpy.

_ H - H (UZ)
= fo— g+ | — )
h=H, 13 2

e o g e -

¢ 5. FDEN = AFINT + (BFINT)(S) + (CFINT)(S)?
Check the option indicator,

.“2' ¢. If IFINT = 2, goto9

E If IFINT < 2, goto?7

Calculate S™(1 - S).

7. FNUM = (STOM) (1.0 - S)

8. Goto 10

n
Save S ,

By W TE]

.4

9. FNUM = STOM

Call subroutine SEVAL to obtain the temperature t = (T) and specific
heat Cp = (¢) by using the previously determined enthalpy

h = (FDEN).
10. CALL SEVAL (2, T, O, FDEN)
Calculate the function FIIF,

11, FIIF = (FNUM) (TFINT)/(T)

B Ly T T L Y e

Where TFINT is the free-stream temperature T determined in
BARPRO and defined in ZETAIT, ©

12, Return

Table 8 gives subroutine FIIF nomenclature,




TABLE 8, SUBROUTINE FIIF NOMENCLATURE

Symbol Description Units Referance
AFINT Coefficient in enthalpy ft%/sec? /COFIIF/, 5
equation representing
Hw (wall enthalpy).
BFINT Coefficient in enthalpy ft*/sec* /COFIIF/, 5
equation representing
H -H
(H - 1)/t
CFINT Coefficient in enthalpy ft2/sec? /COFIIF/, 5
equation representing
-U%/2).
(-U¥/2)
FDEN Enthalpy ft* /sec* 5, 10
h= + -
H [(Ho Hw)/§]S
- (T2 /2)s?
e
FNUM s" or sT(1 - §) —_ 7, 9, 11
IFINT = 1; Calculation of — /COFIIF/, 6
Te n
S (1 - 8)
= 2; Calculation of
Te n
- S
MMINT Velocity power law _ /COF1IF/, 2,
exponent n 3
o) Specific heat cp Btu/lbm-°R) 10
q 1/n
S §= == (51) or — CALL, 4, 5,
e 7
h-H 1/n
S = 9 = .Z
H -H (A)
o w

s S G i P L )
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Lo TABLE 8. SUBROUTINE FIIF NOMENCLATURE (Concluded)
Symbol Description Units Reference
§ n

| STOM s — 1, 4,7, 9
} T Temperature t °R 10, 11

" TFINT Free-stream temperature | °R /COFIIF/,
'i T0 11

WL T e
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SUBROUTINE GETPT

Subroutine GETPT computes pressurce PC and temperature Te from

C , H, and T relations for a given Mach nuinber Mc'

For constant specific heat yc = Y,

T P
""..._....—-.9——— = 0
Te = 'ye-l 'Pe v -1 Yo
1+ M 14— M
2 e 2 eye-l

For variable Cp the following iteration is used.

1. An approximation is made for temperature Teg using

T
0

Teg yo -1
+
1 2

M2
5]

eg.

Cp=A+BT+CT2+DT3 ;

T
H(T) = H, + { Cp(t)dt .

T,
i

3. The specific L2at ratio 'ye is then evaluated from

y=__Le_ .
e C =-R
pe'j"

VPP N

2. In subroutine SEVAL, Cpe and He are computed at temperature

103
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4. Temperature T0 is then caleulated,

2(H0 - He)

e Yo RMC

since

2 =
a 'ye RTe ,

[SCRN oL
2 = €&
yeRMe yeRT T i
e
U2
T = e
e vy RM: °*
e e
19
e

s

1
s
+
|

2(H -H)
T = 0 e
e 'ye RMEe ’

5. A relative error comparison is then made. If

— %8| < TOLZME ,

T
eg
convergence is obtained, and subroutine SEVAL is used to
evaluate pressure Pe at temperature Te. If the convergence

criterion is not satisfied, a form of Wegstein's method is used to
approximate Teg again, and steps 2 through 5 are repeated. A

maximum of 30 iterations are possible,

o

.
R L - B .

3

s
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et

e COMMON BLOCKS
COMMON blocks CSEVAL and INPUT are used,
i TBL SUBROUTINES

Subroutines BARPRO, BARSET, and START call GETPT.
GETPT calls subroutine SEVAL,

FORTRAN SYSTEM ROUTINES
No FORTRAN library routines are used.
Built-in FORTRAN function ABS is used.

CALLING SEQUENCE

The subroutine calling sequence is:
CALL GETPT (ZME, PI, TI)

where

ZME = free-stream Mach number,

free-stream pressure,

PI

TI free-stream temperature,

R SOLUTION METHOD
Determine the square of Mach number,

: 1. ZME2 = (ZME)?

e Lo £ 1iner e

-t

2
Calculate Tgmze- .

2. PROD1 = (2.)/(RBAR)/(ZME2)/(G)

- ||
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'
.,
:
B
|

[
,

Yo~ 1
8 Compute (1 + M? > .

3. DENM2 = 1,0 + (GM102) (ZME2)

e e f e

T
Obtain free-stream temperature TC = —'_'V_Q_T .

! o]
+ M?
1 2 e

4, TE = (T0)/(DENM2)

Cheek the value of ICTAB [= 0: constant specific heat calculation,
= (3 = ICTAB = 20): number of points in variable Cp versus T

table] .

5. 1f ICTAB > 0, go to 10

- - ————— — .

if ICTAB = 0, goto6

Calculate |
d
Po 1

Pe = V- T yn/'ye‘l for ye = constant,

1+ R
2 e

6., PE = (PO)/(DENM2)GOGM1 I
1
Set g
7. PI = PE :
7
8. TI= TE

Return to the main routine or continue the calculation unless

C is constant.
pe

9, Return
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Sct the iteration counter to zero initially.
10, ITER = 0
Define the tolerance,
11, TOL = (TOLZME)/(ZME)
Save the previous approximation of free-stream temperature Teg'
12, TEO = TEG
2(1_ - H)

'—ﬁ{—l\'/[’g_ as calculated in step 17.
e e

Save T =
C

13, TCO = TC

Approximate Teg'

14, TEG = TE

. Call subroutine SEVAL to obtain C  and He for the known Te.
pe

15. CALL SEVAL(1, TE, CPE, HE)

Calculate specific heat ratio ye.

16, GAME = /CPE)/(CPE -~ ROJ)

2(H 0" He) .
Calculate new free-stream temperature Te T m—,

'yeRMe
17._TC = (HO - HE) (PROD1)/(GAME)
Test whether the tcmperature falls within the tolerance. o=

18, If |(TC - TE)/(TE)| = TOL, go to 33

1f | (TC - TE)/(TE)| > TOL, go to 19
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Check on the number of iterations,

| 19, If ITER > 0, go to 22

é If ITKR = 0, goto 20

| Determine

20, TE = ((2.0)(TE) + TC)/(3.0)
21, Go to 30

Check on the number of iterations, and print out the error message
if convergence was not obtained within 50 iterations,

22, If ITER = 50, go to 25
If ITER > 50, go to 23
Print out error message,

23, WRITE ZME, TC, TCO, TE, TEO

24, Go to 33

Use a form of Westein's method to approximate a new value for Te'

25, ZK = (TC - TCO)/(TE - TEO)

26. TE

(TC - (ZK)(TE))/(1.0 - ZK)

Check whether convergence has been achieved,
27.7If |(TE - TEG)/(TE)| < TOL, go to 32
If |(TE - TEG)/(TE)l = TOL, go to 28 s
Check on the number of iterations,
28, If ITER < 10, goto 30
If ITER = 10, goto 29

Check whether the calculated number falls within the tolerance.
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29, If | (71 ~ TEO)/(TE)| < TOL, go to 32

I | (TE - TEO)/(T1)]

= TOL, go to 30

Add once to the iteration counter,

30,

TTER == ITER + 1

Repeat the above method until a convergence is obtained,

31.

Go to 12

Determine the new free-stream temperature,

32, TE = (TE + TEG)/(2.0)

Call subroutinc SEVAL to ohtain the free-stream pressure Pe’

using temperature TL and stagnation entropy S .
2 o

33, CALL SFEVAL (-1, TE, PE, 80)

34,

Goto 7

Table 9 gives subroutine GETPT nomenclature.

TABLE Yy, SUBROUTINE GETPT NOMENCLATURE
Symbol Description Units Reference
CPE Specific heat at con- | Btu/(lbm-°R) 15, 16
stant pressurc in |
frec-stream C |
pe <
Y, -1 %
DENM2 1+ M? —_— 3, 4, 6 "
2 e
G Acceleration of (1Ibm/1bf) /(ft/sec?) | /INPUT/, 2

gravity used as a
proportionality
constant
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TABLE 9, SUBROUTINE GETPT NOMENCLATURE (Continued)

Symbol Description Units Reference

GAME Specific heat ratio S 16, 17
in free stream

GM102 v -1 — /CSEVAL/, 3

v (!
2

GOGM1 Y, — /CSEVAL/, 6
Yo © 1

HO Stagnation enthalpy ft? /sec? /CSEVAL/,
H 17

o

HE Free-stream ft? /sec? 15, 17
enthalpy He

ICTAB Indicator; = 0, con- — /INPUT/, 5
stant specific heat
calculation;

= (3 = ICTAB = 20),
dimension of variable
Cp versus T table

ITER Iteration counter — 10, 19, 22,
28, 30
PO Stagnation pressure 1bf /ft? /INPUT/, 6
Po
PE Free-stream 1bf /fte 6, 7, 33
pressure ZPe
PI 3aved value of PE 1bf /£t CALL,7
PROD1 2 (°R-sec?) /f12 2, 17
gRM2
e
RBAR Specific gas con- (ft-1b) /(Ibm-°"R) /INPUT/, 2

stant: universal
gas constant
divided by molec-
ular weight

a 2 JEY IO



TABLE 9, SUBROUTINE GETPT NOMENCLATURE (Concluded)

Symbol Description Units Reference
ROJ Specific gas constant | Btu/(lbm-*R) /CSEVAL/,
in thermal units, 16
RBAR divided by I'd
S Stagnation cntropy Btu/(lbm-°R) /CSEVAL/,
S 33
[¢]
TO Stagnation tem- °R /INPUT/, 4
perature T0
TC Saved value of °R 13, 17, 18,
free-stream 20, 23, 25, 26
temperature
TCO Saved value of TC °R 13, 23, 25
TE Free-stream °R 4, 8, 14, 15,
temperature Te 18, 20, 23,
25, 26, 27,
29, 32, 33
TEG Approximation of °R 12, 14, 27,
free-stream tem- 32
perature in iteration
loop
TEO Saved value of TEG °R 12, 23, 25,
29
TI Saved value of TE °R CALL, 8
TOL Tolerance value J— 11, 18, 27,
divided by free- 29 -
stream Mach number
TOLZME | Tolerance S /INPUT/, 11
K Intermediate term N 25, 26
in free-stream tem-
perature equation
ZME Free-stream Mach —_ CALL, 1, 11, 23
number Me
ZME2 We — 1, 2, 3
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SUBROUTINE INTZET

Subroutine INTZET uscs a numerical technigue in connection with a
quintic spline fit to evaluate an integral within the limits X; = XC(1) and
X, = XC(21). The integration interval is divided into 20 coarse subintervals.
Since the integration limits are restricted to certain values (0, 1, g, 1/), a
test on the interval distance (X, - X;) is performed. If (X, - X{) = 0.1, the
function is cvaluated at 21 subinterval endpoints, and the integral is approxi-
mated by the quintie technique with Simpson's rule for the outer subintervals.
For (X, - X;) > 0.1 the maximum function value within the intcrval is deter-
mincd, and an approximation of the integral is performed over the coarse
subintervals up to a point where the function value reaches 80 percent of the
maximum value, Beyond this point the remaining coarse subintervals are
further subdivided individually into three fine subintervals. Solving the. function
al the endpoints of the fine subintervals, the integral approximation is finally
completed ugsing these finer subinterval step sizes.

For a given function £(S), evaluated at equally spaced (AS) points
So’ Si» Sy, S;, the quintic approximation of the integral is prepresented by

2

[ #(s)ds =
1

AS

7S _f(S ) + 13£(S;) + 13£(S,) - £(S;)]1 .

The one-sided Simpson rule is expressed by the following equation
and diagram,

1 ‘

[ s)as = 2215 ) + si(s) - (81 . :

(] ‘,,
K/- ;

f(S)
—| AS fe—
So 8 8 §
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COMMON BLOCKS
No COMMON blocks are used,
TBL SUBROUTINES
Subroutines START and ZETAIT call INTZET,
INTZET calls FIIF,
FORTRAN SYSTEM ROUTINES
No FORTRAN library routines are used.
Built-in FORTRAN function FLOAT is used.
CALLING SEQUENCE
The subroutine calling sequence is:
CALL INTZET (X1, X2, ZINT)
where
X1 = lower limit of integration
X2 = upper limit of integration
ZINT = integral value.
SOLUTION METHOD
Set the length of interval for integral.
1, DX21 = X2 - X1
Set the initial value of integral as zero.
2. SUMINT = 0,0
Check whether the interval length is zero.
3., If DX21 = 0.0, go to 22

If DX21 # 0.0, goto 4

N il

R ST
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Divide the interval over which the integration is performed into 20
coarsc subintervals,

4, DXC = (DX21)/(20.0)

Set maximum value of integral and its subscript counter to large
negative values.,

5. IMAX = -.9999
6. FMAX = .1,0E30

Determine the independent variable, the integrand of the function, and
the maximum value of the integrand.

7. Do 14, I =1, 21

Independent variable:

8. XC(I) = X1+ (FLOAT(I - 1))(DXC)

Call subroutine FIIF to determine the integrand.
9. YC(I) = FOF(XC(1))

Check for the maximum value of the integrand.

10. If YC(I) = FMAX, goto 14

If YC(I) > FMAX, go to 11
Save subscript counter at the maximum value of the integrand.
11, IMAX =1
Save independent variable corresponding to maximum integrand.
12, XMAX = XC(I)
Save maximum value of integrand.

13, FMAX = YC(I)




....

. 14. Continue

i Check for the interval over which the coarse or fine integration must
be performed,

15, If DX21 > 0,10, go to 24
. If DX21 = 0,10, goto 16

Determine 24 times the quantity of the integral according to the one-
sided Simpson' s Rule:

16. SUMINT = (10.0)(YC(1)) + (16.0)(YC(2)) - (2.0)(YC(3))
Calculate the quintic approximation of Simpson's rule,

17, Do 19, I= 2, 19

18. PARINT = (13.0)(YC(I) + YC(I + 1)) - YC(I - 1) - YC(I + 2)
19, SUMINT = SUMINT + PARINT
20. SUMINT = SUMINT + (10.0)(Yc(21)) + (16.0)(YC(20))-

(2.0)(YC(19))
Obtain the integral,

21, SUMINT = (SUMINT)/(24.0)(DXC)

Save the integral

g

22, ZINT = SUMINT
Go back to main routine, : (
3

23. Return .

Determine the function value 20 percent off the maximum value,

24, FBRK = (FMAX)(0.20)
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g Set the initial value of the integral equal to zero,

1

26, SUAINT = 0,0

26. SUBINT

0.0

Check the value of the subscript counter for the maximum value of the
integrand.

L 27. If IMAX = 2, goto 35
y i If IMAX > 2, go to 28 .

Determination of IBRK corresponding to FBRK is made from step 28
to step 33.

28, Do 32, I = 2, IMAX
Check whether the integrand has reached the switch-over value.
29. If YC(I) = FBRK, go to 32
If YC(I) > FBRK, go to 30
Save the subscript counter for the switch-over value.
30. IBRK=1 -1,
31. Goto 34
32. Continue

Set the swich-over subscript counter to one less than the maximum.

33. IBRK = IMAX -1
Check the value of IBRK.
34. If IBRK > 1, goto 38

If IBRK = 1, goto 35 '
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Sct the switch~over subseript counter and switch-over indicator,
35, IBRK = 1

36, IBRKM1 = 0

37, Goto4b

Save IBRK minus onc.

38. IBRKM1 = IBRK -1

Calculate 24 times the quantity of the integral according to the one-
sided Simpson' s rule.

39, SUAINT = (10.0)(YC(1)) + (16.0)(YC(2)) - (2.0)(YC(3))
Check the value of IBRK,
40, If IBRK = 2, goto 44
If IBRK > 2, goto 41
Continue integration,
41, Do 43 I = 2, IBRKMI1

Compute 24 times the quantity of the integral for each interval using
Simpson' s rule,

42. PARINT = (13.0)(YC(I) + YC(I + 1)) - YC(I - 1) - YC(I + 2)
Sum the individual interval integrals.
43, SUAINT = SUAINT + PARINT

Obtain the integral up to where the integrand is 20 percent of the
maximum value,

44, SUAINT = (SUAINT)(DXC)/(24.0)

Obtain one-third DXC to consider finer subintervals.
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45, DXM = (DXC)/(3.0)

Check the value of IBRKM1,

46, If IBRKM1 > 0, go to 50
If IBRKM1 = 0, go to 47

Set temporary integers.

47. K= 2

48, JS = 2

49, Goto 52

Set temporary integers.

50, K= 3

51, JS =1

Determine the independent variables corresponding to fine subintervals.

52, Do 54, I= 2, 4

53. XM = XC(IBRK) + (FLOAT(I - K))(DXM)

Cull subroutine FIIF to obtain integrand.

1
54, YM(I) = FIIF(XM)
Check the value of IBRKML, 3
:
55. . 1f IBRKM1 > 0, go to 57 .

If IBRKM1 = 0, go to 56

Calculate 24 times the quantity of the integral corresponding to the fine
subinterval, :

56, SUBINT = (10.0)(YM(2)) - (2.0)(YM(4)) + (16.0)(YM(3))




Continue the integration dividing the coarse subintervalg into three
fine subintervals,

57. Do 67, I = THRK, 19

68, Do 65, J =I5, 3

59, YM(1) = yM(2)

60, YM(2) = YM(3)

61, YM(3) = YM(4)

62, XM= XM + DXM

Call subroutine FIIF to obtain integrand.

63. YM(4) = FIIF(XM)

Compute 24 times the quantity of the integral for fine subintervals.
64, PARINT = (13.0)(YM(2) + YM(3)) - YM(1) - YM(4)
Sum the subinterval integrals.

65, SUBINT = SUBINT + PARINT

Set

66, dS =1

Independent variable:

67. XM = XC(I + 1) + DXM

So far, 24 times the quantity of the integral up to XC(20) has been
obtained. Calculate the remaining integral between XC(20) and
Xc(21).

68. Do 75,d =1, 2

69. YM(1) = YM(2)

. N
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70, YM(2) = YM(3)

n

71, YM(3) = YM(4)

72, XM = XM + DXM

Call subroutine FIII* to obtain integrand,

73, YM(4) = FIF(XM)

74, PARINT = (13,0)(YM(2) + YM(3)) - YM(1) - YM(4)

Calculate 24 times the quantity of the integral up to the independent
variable of XC(20) + ( 2.0)(DXM).

75, SUBINT = SUBINT + PARINT
Determine 24 times the quantity of the integral up to XC( 21).

76. SUBINT = SUBINT + (10.0)(YM(4)) + (16.0)(YM(3)
- (2.0)(Y™m(2))

Calculate the final integral beyond the point where the value of the
integrand is 20 percent of the maximum value.

77. SUBINT = (SUBINT)(DXM)/(24.0)
Obtain the total integral,

78. SUMINT = SUAINT + SUBINT

79. Go to 22

Table 10 gives subroutine INTZET nomenclature,
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1
‘ TABLE 10, SUBROUTINE INTZET NOMENCLATURE
-l
Symbol Description Units Reference
; DX21 Upper limit of integration | —— 1, 3, 4, 15
! minus lower limit
! DXC Coarse subinterval J— 4, 8, 21, 44, 45
b DXM Finc subinterval . 45, 53, 62, 67,
' 72, 77
FBRK 207% value of maximum — 24, 29
integrand
| FMAX Saved value of maximum —_ 6, 10, 13, 24
> integrand
: I Do-loop countex —_ 7-13, 17, 18,
B 28-30, 41, 42,
52-54, 57
IBRK Subscript counter for S 30, 33-35, 38,
switch-over value of the 40, 53, 57
integrand
IBRKM1 IBRK.minus one — 36, 38, 41, 46,
55
IMAX Subscript counter value —_ 5, 11, 27, 28,
corresponding to maxi- 33
mum integrand
) Do-loop counter —_ 58, 68
Js Starting do-locp value — 48, &1, 38, 66
K Switch-over point — 47, 50, 53
counter
PARINT 24 times the quantity of —_ 18, 19, 42, 43,
integral 64, 65, 74, 75
SUAINT Integral value up to 20% —_— 26, 39, 43, 44,
of maximum integrand 78
SUBINT Integral value beyond —_— 26, 56, 65, 75-78
20% of maximum
integrand
SUMINT Integral — 2, 16, 19-22, 78
X1 Lower limit of — CALL, 1, 8
integration
X2 Upper limit of —— CALL, 1
integration
XC Independent variable DIM, 8, 9, 12,
53, 67

S T 3 O —————
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TABLE 10, SUBROUTINE INTZET NOMENCLATURE (Concluded)
7 Symbol Desceription Units Reference
i
| XM Independent variable —_— 53, 54, 52, 63,
corresponding to fine 67, 72, 73
subintervals
XMAX Saved value of the —_ 12

independent variable
corresponding to maxi-

. mum value of integrand
; YC Integrand — DIM, 9, 10, 13,
gﬁ: 16, 18, 20, 29,
b 39, 42
: YM Integrand corresponding e DIM, 54, 56, 59-
to fine subintervals 61, 63, 64, 69-
74, 76
ZINT Saved value of integral _— CALL, 22
*
¢
f
?
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o SUBROUTINE MAINTB

Subroutine MAINTB provides the main control for the turbulent
boandary layer program,

i

! COMMON BLOCKS

D COMMON block INPUT is used.
TBL SUBROUTINES

MAINTB calls subroutine DIRECT,

FORTRAN SYSTEM ROUTINES

No FORTRAN library routines or built-in FORTRAN functions
are used,

et L

SOLUTION METHOD

Initialize step-size indicator.

1. IDXMAXY =

Call the overall flow control program.
2., CALL DIRECT

Table 11 gives the nomenclature for subroutine MAINTB,

¥
TABLE 11, SUBROUTINE MAINTB NOMENCLATURE i
Symbol Description Units Reference £
IDXMAX Indicator for previous value — /INPUT/, 1 f
of step size or to compute the A K

step size

= 0, compute step size;
= 1, use previous step size
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SUBROUTINE QUITS
Subroutine QUITS is entered when an error has been detected in the
input or if an unreasonable number has been calculated during execution, It
prints out appropriatc crror statements and the contents of the COMMON
blocks. If consccutive cases are considered, the next casc is czlled for.

COMMON BLOCKS

COMMON blocks COFIIF, CSEVAL, INPUT, INTER, LOOKUP,
OUTPUT, SAVED, and TABLES are used.

TBL SUBROUTINES

Subroutines BARCON, BARPRO, BARSET, CFEVAL, READIN,
SEVAL, STARTS, and XNTERP call QUITS,

QUITS calls subroutine DIRECT,
FORTRAN SYSTEM ROUTINES

No FORTRAN library routines or built-in FORTRAN functions are
used,

CALLING SEQUENCE
The subroutine calling sequence is:
CALL QUITS
SOLUTION METHOD .
Print out error statement,
1., WRITE error message
Print out COMMON block /COFIIF/.
2. WRITE IFINT, AFINT, BFINT, CFINT, MMINT, TFINT

Print out COMMON block /INPUT/.
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3. WRITE IDXMAX, ICTAB, IPRINT, ITWTAB, IXTAB, MZETA,
DXMAX, kPSZ, 1J, G, GAMo, Po, PHII, PIE, PRANDT,
RBAR, SCALE, T0, THETAI, TOLCFA, TOLZET,
TOLZME, ZMU0, ZMVIS, ZNSTAN

Print out COMMON hlock /OUTPUT/.

4, WRITE BDLLTA, CF, CI, DELTA, DELSOT, DELSTR, FLAT,
FORCE, 1IG, PL, PHI, QW, SUMQDA, TE, THETA,
1w, UI, X, XLARC, YR, Z1, Z2, Z3, Z4, Z5, ZETA,
ZME

Print out COMMON block /CSEVAL/. ]
5. WRITI NOCTAB, IS, ROJ, FJG, CJG, GM102, GOGM1, POMAX,

CPo, 10, S0, TCTAB, CPTAB, BCP, CCP, DCP,
GTAB, HTAB, BARB1, BARB2, BARB3

PG B =l

Print out COMMON block /INTER/.

6. WRITE CFAGT, CFAGP, CHPAR1, DX, DXRHO, HE, HW,
IBEG, MZETAM, OOMZET, PHIP, PRE103, RHOE,
RHOUE, RMZETA, THETAP, XIBASE, XIEND, ZETATM, n
ZMZETA, ZMZETM, ZMZETP

T rw

Print out COMMON block /SAVED/.

7. WRITE A, B, C, ZI1, ZI1P, Z12, ZI2P, ZI3, ZI3P, Zl4, ZI5,
716, ZI7

Print out COMMON block /LOOKUP/,

8. WRITE IMX, IPX, ITX, ITWX, IXPOS, IYX, CMX, CPX, CTX,
CTWYX, CYX

SOHY Nt oy £ 20N

Check whether Mach number tables have been input.
9. If IXTAB = 0, go to 34
If IXTAB > 0, go to 10

Check whether dimension of Mach tables supersedes the maximum
value,
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10, If IXTAB < 500, go to 13

If IXTAB = 500, go to 11
Sct number of table valtues to be printed,
11, I3 = 495

12. Goto 14

Set number of table values to be printed to input table dimension,

13, I3 = IXTAB

Incresse the number of table values to be printed.
14. 13 = (10)((13)/(10) + 1)

Print out heading for tables printout.

15, WRITE message for tables output

Print out all the values in the axial distance table,
16. Do 18, I= 1, 13, 10

Compute printout counter.

17. K=1+ 9

18. WRITE I, (XITAB(J), J = I, K)

Print out all the values in the nozzle radius table,
19. Do21,1=1, i3, 10

Compute printout counter,

200 K=1I+9

21, WRITE I, (YITAB(J), J = I, K)
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Epapera

Print out all the values in the Mach number table,

22, Do24, 1= 1,13, 10

Compute printout counter.

23, K=1+9

24, WRITE I, (ZMTAB(J), J = I, K)

Print out all the values in the wall temperature table,
25, Do 27, 1= 1,13, 10

Compute printout counter,

26, K=1+9

27. WRITE I, (TWTAB(J), J = I, K)

Print out all the values of the calculated pressure table.
28. Do30,I=1,1I3, 10

29, K=1+9

30, WRITE I, (PITAB(J), J = I, K)

Print out all the values of the calculated temperature table.
31. Do33,1=1, I3, 10

Compute printout counter,

32, K=1+ 9

33. WRITE I, (TITAB(J), J = I, K)

Execute the next case,

34, CALL DIRECT

Subroutine QUITS nomenclature is given in Table 12,
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TABLE 12,

SUBROUTINE QUITS NOMENCLATURE

Symbol Description Units Reference

A Wall enthalpy 1 £t?/scc? /SAVED/, 7

AFINT Wwall enthalpy for £t? /scc? /COF1IF/, 2
integrai cevaluation

B Difference between ft* /scc? /SAVED/, 7
stagnation enthalpy
and wall enthalpy

BARB1 Cp polynomial Btu/ (Ibm-°R) /CSEVAL/, 5
equation

BARB2 Negative value of Btu/(lbm-° R*) /CSEVAL/, 5
the first derivative
of BARB1

BARB3 Minus one-fourth the | Btu/(lbm-°R3) /CSEVAL/, 5
value of the second
derivative of BARB1

BCP Coeificients in the Btu/(lbm-°R) /CSEVAL/, 5
Cp -~ T relationship

BDELTA Boundary layer ft /OUTPUT/, 4
temperature thickness

BFINT Difference between ft?/sec? /COFIIF/, 2
stagnation and wall
enthalpy

C Difference between ft?/sect /SAVED/, 7
static and stagnation
enthalpy

CCP Coefficient in the Btu/(lbm-° R%) /CSEVAL/, 5
Cp - T relationship

CF Skin friction —_ /OUTPUT/, 4
coefficient

CFAGP Skin friction —_— /INTER/, 6
coefficient obtained
by using the Reynolds
number R

CFAGT Initial value of skin | — /INTER/, 6
friction coefficient

CFINT Difference between ft? /sec? /COFDIF/, 2
static and stagnation
enthalpy
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[ TABLE 12, SUBROUTINE QUITS NOMENCLATURE (Continued)

/ o Symbol

Description

Units

Reference

CH

Stanton number

/OUTPUT/,

CHPAR1

Term in the
denominator of the
Stanton number
equation

/INTER/; 6

Q
&
(o]

Specific heat at
stagnation condition
in work units

ft*/(sce? -° R)

/CSEVAL/,

b

CMX

Array of parabola
coefficients for the
Mach number table
(ZMTAB)

/LOOKUP/,

CPO

Specific heat
coefficient at constant
pressure for stagna-
tion condition

Btu/(lbm-°R)

/CSEVAL/,

CPTAB

Array of Cp values

corresponding to the
values in the temper-
ature table

Btw/(bm— R)

/CSEVAL/,

CPX

Array of parabola

coefficients for the
contour point pres-
sure table { PITAB)

/LOOKUP/,

Array of parabola
coefficients for the
wall temperature
table (TWTAB)

/LOOKUP/,

8

CTX

Array of parabola
coefficients for the
contour point temper-
ature table (TITAB)

JLOOKUP/,

8

CYX

Array of paraboia
coefficients for the
nozzle radius table
(YITAB)

/LOOKUP/,

8

bt —
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U TABLE 12, SUBROUTINE QUITS NOMENCIATURE (Continued)
Symbol Desceription Units Reference
é ner Coctficient in the Btu/(1hm-~° R) /CSEVAL/, 5
{ Cp - T relationship
| DELSOT Boundary layer —_— /OUTPUT/, 4
S shape factor
DELSTR Boundary layer ft /OUTPUT/, 4
displacement
thickness
! DELTA Boundary laycr it /OUTPUT/, 4
\ velocity thickness
; DX Weighted differcence | ft /INTER/, ¢
of table valucs of the
axial distance
DXMAX Maximum length of ft. /INPUT/, 3
step size
DXRHO One-tenth the ft /INTER/, 6
difference between
axial distance points
EPSZ Flow gcometry — /INPUT/, 3
indicator
FJ Conversion factor (£t-1bf) /Btu /INPUT/, 3
between thermal
and work units
FJG FJ multiplied by G | (ft!-lom)/(Btu-sec?)| /CSEVAL/,
5
FLAT Force normal to x- 1bf /OUTPUT/, 4
direction for two-
dimensional planar
flow
FORCE Drag force in axial 1bf /OUTPUT/, 4
or x-direction
G Acceleration of (Iom-ft) /(Ibf-sec?) | /INPUT/, 3
gravity used as a
proportionality
constant
GAMO Specific heat ratio at | —— /INPUT/, 3
stagnation condition
GM102 One-half the specific | —— /CSEVAL/, 5
heat ratio at stag-
nation condition
minus one
130
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TABLIE 12, SUBROUTINE QUITS NOMENCIATURE (Continued)

=

Symbol Deseription Units Reference

GOGM1 Speeific heat ratio at | — /CSEVAL/, 5
gtagnation condition
divided by the specifie
heat ratio minus one o

GTADB Array of terms used | Btu/(lbm-°R) /CSEVAL/, 5
hy SEVAL

i) Stagnation ft* /sce? JCSEVAL/, 5
centhalpy

111 Enthalpy at static ft? /sec? J/INTER/, ¢
temperature

G Heat transfer Btu/(ft*~scc-° R) /OUTPUT/, 4
coefficient

HTAB Array of enthalpy Btu/lbm /CSEVAL/, &
values

HW Wall enthalpy at wall | ft*/sec? /INTER/, ¢
temperature

I Do-loop counter _— 16-33

13 Number of table —_— 11, 13, 14,
values to be printed 16, 19,
out 22, 25, 28,

31

IBEG Subscript counter at | — /INTER/, 6
which Mach number
table exceeds onc

ICTAB Specific heat indica- | ~— /INPUT/, 3
tor or table dimension

IDXMAX Step-size indicator —_ /INPUT/, 3

IFINT Integral evaluation —_— /COFIIF/, 2
indicator

IMX Position or start — /LOOKUP/, 8
indicator for Mach
number table

IPRINT Printout indicator —_ /INPUT/, 3

1PX Position or start —_— /LOOKUP/, 8
indicator for contour
point pressure table

1S One less than the —_ /CSEVAL/, 5

dimension of the

C -T
p
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TABLE 12. SUBROUTINE QUITS NOMENCIATURE (Continued)

Symbol Description Units Reference
ITWTARB Wall temperature — /INPUT/, 3
Indieator
ITWX Position or start —— /LOOKUP/, 8
indicator for wall
temperature table
ITX Position or start — /LOCKUP/, 8
indicator for contour
point temperature
table
IXPOS Array position —_— /LOOKUP/, 8
indicator
IXTAB Dimension of x, y, — /INPUT/, 3
Mach tables
IYX Position or start e /LOOKUP/, 8
indicator for nozzle
radius table
J Subscript printout _ 18, 21, 24,
counter 27, 30, 33
K Printout counter -— 17, 18, 20,
21, 23, 24,
26, 27, 29,
30, 32, 33
MMINT Exponent for integral|] — /COFIIF/, 2
evaluation
MZETA Exponent of — /INPUT/, 3
velocity profile
MZETAM | MZETA minus one — /INTER/, 6
NOCTAB | Saved value of —_— /CSEVAL/, 5
ICTAB
OOMZET | One divided by . /INTER/, 6
ZMZETA
P0 Stagnation bt /ft? /INPUT/, 3
pressure
POMAX Saved value of 1bf /£t /CSEVAL/, 5
stagnation pressure
PE Static pressure 1bf/ft* /OUTPUT/,
4
PHI Boundary layer ft /OUTPUT/, 4
energy thickness
PHII Input or initial value | ft /INPUT/, 3
of energy thickness
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TABLE 12, SUBROUTINE QUITS NOMENCLATURE (Continued)

momentum thickness

Symbol Description Units Reference
PHIP Slope of encrgy —_— /INTER/, 6
thickness
PIE Circular constant T | —— /INPUT/, 3
PITAB Array of pressurcs 1t /ft? /TABLES/, 30
at contour points
X, ¥
PRANDT Prandtl number —_— /INPUT/, 3
PRE103 Recovery factor — /INTER/, 6
QW Local heat transfer Btu/(ft*..scc) /OUTPUT/, 4
rate to the wall
RBAR Specific gas (£t-1bf) /(lom-°R) /INPUT/, 3
constant
RHOE Density at Boundary | lbm/ft} /INTER/, 6
layer cdge
RHOUE Tlow density (p + v) |lom/(ft¢-scc) /INTER/, 6
at boundary layer
edge
RMZETA | One divided by —_ /INTER/, 6
ZMZETP
ROJ Specific gas Btu/(Ibm-°R) /CSEVAL/, 5
constant
S0 Stagnation entropy Btu/(lbm-°R) /CSEVAL/, 5
SCALE Contour scale factor | or ft /INPUT/, 3
SUMQDA Integrated heat Btu/sec /OUTPUT/, 4
transfer rate
TO Stagnation °R /INPUT/, 3 e
temperature 3
TCTAB Temperature table >R /CSEVAL/, 5 £
for Cp values ‘ R
TE Static temperature "R JOUTPUT/, 4 *
TFINT Static temperature °R /COFIIF/, 2 :
for integral evaluation ‘
THETA Boundary layer ft /OUTPUT/, 4
momentum thickness
THETA Boundary layer ft /OUTPUT/, 4
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TABLE 12, SUBROUTINE QUITS NOMENCLATURE (Continued)

§
ﬁ Symbol Description Units Reference
[ THETAI Input or initial fit /INPUT/, 3
' value of momentum
‘ thickness
“ TIETAP Slope of momentum —— /INTER/, 6
Cow thickness
TITAB Array of tempera~ °R /TABLES/,
tures at contour 33
points, x, y
TOLCFA Tolerance in — /INPUT/, 3
Ct - C By
iteration
TOLZET | Tolerance in the —_ /INPUT/, 3
zeta interation
TOLZME | Tolerance inthe gas | — /INPUT/, 3
property evaluation
loop
T™W Wall temperature °R /OUTPUT/, 4
TWTAB Array of wall tem- °R /TABLES/,
peratures at contour 27
points x, y
UE Velocity of fluid ft/sec /OUTPUT/, 4
X Axial distance ft /OUTPUT/, 4
XIBASE First value of ft /INTER/, 6
axial distance
table
XIEND Last value of axial ft /INTER/, 6
distance table
XITAB Array of axial ft /TABLES/, 18
distance values
XLARC Arc length of the ft /OUTPUT/, 4
contour
YITAB Array of nozzle ft /TABLES/, 21
radius or contour
height
YITAB Array of nozzle ft /TABLES/,
radius or contour 21
height
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TABLE 12, SUBROUTINE QUITS NOMENCIATURE ( Continued)

Symbol Description Units Reference
YR Nozzle radius or contour height | i /OUTPUT/, 4
Z1 Previous "guess'' value of zeta — B /ouTrut/, 4
72 Saved "'guess'' value of zela o /OUTPUT/, 4
Z3 Previous computed value of zeta — /oUTPUT/, 4
7.4 Saved value of computed zeta — /OUTPUT/, 4
Z5 Zcta iteration convergence term — /OUTPUT/, 4
ZETA Shape factor ¢ = (A/0 )" — /OUTPUT/, 4
ZETATM | Shape factor raised to MZETA —_— /INTER/, 6
power
1 n
Z11 = [ £ s"(1-9)as — /SAVED, 17
o Pe
1 n
ZI1P =2 (1 - w)dw —_ /SAVED/, 7
(6] Pe
! n
Z12 L= [ & s"ds — /SAVED/, 7
P
o e
1/¢ 0
ZI2P p=[ £ & (1-wdw — /SAVED/, 7
1 Pe
& p . n-1 ’5"
Z13 L= [ &= s ds — /SAVED/, 7 2
) -
o] e <
! n-1 i
Z13P =/ & w1 - waw — /SAVED/, 7 !
1/t Pe N
p .n
Z14 I, = j s (1 - 8)ds — /SAVED/, 7
o "e
1 n r
716 = [ 5”- (1 - £)ds —_— /SAVED/, 7
L
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y TABLE 12. SUBROUTINE QUITS NOMENCTATURE (Coneludad)
Symbol Description Units Reference
i b o o .
| 716 I = o S ds — /SAVIED/, 7
! o "¢
I
{
v 1
Z17 L= [ £ s"as — /SAVED/, 7
¢ Pe
AR ZME Mach number /OUTPUT/,
L ZMTAB Array of Mach numbers at the | — /TABLES/,
! contour points, X, y 24
" Z MU0 Viscosity at stagnation Ib/(ft-sec) | /INPUT/, 3
temperature
ZMVIS Exponent in viscosity- —_ /INPUT/, 3
temperature law
ZMZETA | Real value of MZETA —_ /INTER/, 6
ZMZETM | ZMZETA minus one — /INTER/, 6
ZMZETP | ZMZETA plus one —_— /INTER/, 6
ZNSTAN Interaction exponent in — /INPUT/, 3
Stanton number
relationship
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SUBROUTINE READIN

Subroutine READIN first calls for single item variables such as
integers, constants, and gas constants. It then reads in tabular values such
as contour points, Mach number, and wall temperature, It prints out the
input and performs diagnostics to detect obvious inconsistencies in input

quantitices,

Before any input is read in, the following constants are set to their
nominal values and need be input only if different values are desired.

1.

2.

5.

6.

8'

Contour scale factor

Velocity power law
exponent

Interaction exponent in
Stanton number relation

Conversion factor between
thermal and work units

Sea level acceleration of
gravity

Tolerance in skin friction
coefficient iteration loop

Tolerance in gas property
evaluation loops

Tolerance in zeta iteration
loop

SCALE = 1.0

MZETA = 7

ZNSTAN = 0.10

FJ = 778.20 (ft-1b)/Btu

G = 32,1740 (ft-lom)/(Ibf-sec?)

TOLCFA = 1.0 X 1074

TOLZME = 1.0 X 1077

TOLZET = 0.00030

The first input card for each case is a title card containing Hollerith

information in columns 1 through 78. Input data are read in by the NAME LIST

name NAM1. The variables that are included in the NAM1 NAMELIST are
as follows: CPTAB, DXMAX, EPSZ, FJ, G, GAMO, ICTAB, IPRINT,
ITWTAB, IXTAB, MZETA, PO, PHII, PRANDT, RBAR, SCALE, ToO,
TCTAB, THETAI, TOLCFA, TOLZET, TOLZME, TWTAB, XITAB,
ZMTAB, ZMUO, ZMVIS, ZNSTAN
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COMMON BLOCKS

COMMON blocks CSEVAL, INPUT, and TABLES are used.

TBL SUBROUTINES
Subroutine DIRECT calls READIN.
READIN calls subroutine QUITS,
FORTRAN SYSTEM ROUTINES

No FORTRAN library routines are used.
Built-in FORTRAN function IABS is used,

CALLING SEQUENCE
The subroutine calling sequence is:
CALL READIN
SOLUTION METHOD
Set constants to nominal values,
1. SCALE = 1,0
2., MZETA =7
3. ZNSTAN = 0.10

4. FJ = 778.20

5. G = 32.1740

6., TOLCFA = 1,0 x 10~
7. TOLZME = 1.0 X 10~7
8, TOLZET = 0.00030

Save value of maximum step size from previous case.
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g 9. DXMAXO = DXMAX

Set maximum step size to check whether saved value from
previous case is (o he used.

10, DXMAX = -28982.0

* Read in title for this case.
11. READ TIT L
Read in name list data for this case.

12, READ ($NAM1)

Check whether a new value for the maximum step size has been input.

13, If DXMAX # -28982.0, g0 to 17

1f DXMAX = -28982.0, go to 14

Check whether step size from previous case or computed value must be

used.

14. 1f IDXMAX = 0, go to 21

If IDXMAX # 0, go to 15

Set maximum step size to saved value from previous case.

15. DXMAX = DXMAXO

16. Go to 22

Step size has been input; check whether actual step size must be
computed.

T T ]

P

17. 1f DXMAX = 0.0, go to 20

if DXMAX > 0.0, go to 18

Set step size indicator to use the same step size.
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18. IDXMAX = 1

19, Go to 22

Set step size indicator to use a new step size,
20, IDXMAX = 0

Compute value of maximum scep size to be used,
21, DXMAX = ((XITAB(IXTAB) - XITAB(1))/(100.))(SCALE)
Write out the title heading for this case.

22, WRITE TITLE

Initialize error indicator to zero.

23. IERROR = 0

Print out the velocity profile exponent.

24, WRITE MZETA

Check value of velocity profile exponent.

25, If MZETA = 0, go to 28

If MZETA < 0, go to 26

If the velocity profile exponent is in error, print out message.

;
26. WRITE error message about input value -:
Set input error indicator to one. | -
27. IERROR = 1 :
Write out printout indicator.
28, WRITE IPRINT f
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Checek value of printout indicator,

29, If IPRINT = 1 or IPRINT = 0, go to 32

If IPRINT # 1 and IPRINT # 0, go to 30

The printoul indicator is in error; print out message,

30, WRITE crror message about input value

Set input error indicator to one.

31, IKRROR = 1

Print out dimension of x, y, and M tables.

32, WRITE IXTAB

Check whether value of dimension indicator is within limits.,
33, If IXTAB = 4 and IXTAB = 500, go to 36

If IXTAB < 4 or IXTAB > 500, go to 34

Dimension indicator is below minimum limit or above maximum limit.
34. WRITE error message about input value

Set input error indicator to one.

35. IERROR = 1

Print out specific heat indicator.

36, WRITE ICTAB

Check specific heat option to be used.

37. If ICTAB = 0, goto 4l

If ICTAB # 0, go to 38

141

A IR AR




142

Tabular speceific heat option is called for, check whether dimension

is wiihin limits,
36, If ICTAB = 3 and ICTAB = 20, go to 41
I ICTAB < 3 or ICTAB > 20, go to 39
Dimension indieator is out of limits,
39, WRITE error message about input value
Sct input error indicator to one,
40, IERROR = 1
Write out wall temperature option indicator.
41. WRITE ITWTAB
Check on value of wall temperature option indicator.
42, If |ITWTAB| = 1 or ITWTAB = 0, go to 45
If |ITWTAB| # 1 and ITWTAB # 0, go to 43
Wall temperature indicator is in error.
43. WRITE error message about input value
Set input error indicator to one.
44, IERROR = 1
Print out the value of the stagnation temperature.
45. WRITE TO
Check value of stagnation temperature for error.
46, If TO > 0.0, go to 49

If TO = 0.0, go to 47




Stagnation temperature value is in error,
47. WRITE error message about input value

Set input error indicator to one,

48, IKRROR = 1

Print out the value of the stagnation pressure,
49, WRITE PO

Check value of stagnation pressure for error.

50. If Po > 0.0, go to 53

If PO = 0.0, go to b1

B e

Stagnation pressure value is in error.

51, WRITE error message about input value

Set input error indicator to one.
52. IERROR = 1

Print out stagnation value of the specific heat ratio.

53. WRITE GAMO

M - 5

Check on specific heat ratio option indicator,
54, If ICTAB # 0, go to 58 be
3
If ICTAB = 0, go to 55 :

B T

Constant specific heat is to be used, check value of stagnation specific
heat ratio,

55, If GAMO > 1.0, go to 58

If GAMO = 1.0, go to 56
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Stagnation specific heat ratio is in error,

56. WRITE crror message ahout input value
Set input error indicator to one.

57, TERROR = 1

} Print out the value of the Prandtl number,
58, WRITE PRANDT

i
Check on value of the Prandtl number.

59. If PRANDT > 0.0, go to 62 !'
1f PRANDT = 0.0, g0 to 60 : ?
The Prandtl number is in error. ' 1
60. WRITE error message about input value
Set input error indicator to one. ' \

61. IERROR = 1
Print out the stagnation viscosity.
62. WRITE ZMN U0

Check on value of the stagnation viscosity.

63. If ZMUO > 0.0, go to 66

~

If ZMUO = 0.0, goto 64
The stagnation viscosity is in error.
64, WRITE error message about input value

Sef, input error indicator to one,
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65, IERROR = 1
Print out the temperature-viscosity relation exponent.
66, WRITE ZMVIS
Print out the Stanton number interaction exponent.
67. WRITE ZNSTAN
Print out the maximum length of the step size,
68. WRITE DXMAX
Check whether the sonic point start procedure is to be used.
69. If THETAI < 0.0, go to 72
If THETAI = 0.0, goto 70
Print out the initial value of the momentum thickness.
70. WRITE THETAI
Print out the initial value of the energy thickness.
71. WRITE PHII
Print out the flow geometry indicator.
72, WRITE EPSZ
Check value of the flow geometry indicator,
73. If EPSZ = 0,0 or EPSZ = 1.0, go to 76
If EPSZ # 0,0 and EPZS # 1.0, go to 74
The flow geometry indicator is in error,

74, WRITE error message about input value
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Sct input error indieator to onc,
75, IERROR = 1
Print out the value of the specific gas constant,
76, WRITE RBAR
Check value of specific gns constant,
77. If RBAR > 0.0, go to 80
If RBAR = 0,0, goto78
The specific gas constant is in error,
78. WRITE error message about input value
Set ihput error indicator to one.
79, IERROR = 1
Print out the conversion factor between thermal and work units.
80. WRITE FJ
Check value of the conversion factor.
81. If FJ > 0.0, goto 84
If FJ = 0.0, goto 82
The conversion factor is in error.
82. WRITE error message about input value
Set input error indicator to one,
83. IERROR = 1
Print out the value of the acceleration of gravity at sea level,

84. WRITE G

- § e i cogi—g— v . e g i At g B

s e ok

L e R ek 2l




Check value of the acceleration of gravity.
85, If G> 0,0, goto 88
If G = 0.0, goto 86
The value of the acceleration of gravity is in error,
86. WRITE crror message about input value
Set input error indicator to onc,
87. IERROR = 1
Print out the nozzle contour scale factor,
88, WRITE SCALE
Check whether the skin friction coefficient tolerance has been input.
89. If TOLCFA = 1.0 X 107, go to 91
If TOLCFA # 1.0 x 107, go to 90
Print out the input value of the skin friction coefficient tolerance.
90. WRITE TOLCFA

Check whether the zeta iteration tolerance has been input.

91. If TOLZET = 0.00030, go to 93
If TOLZET # 0.00030, go to 92
Print out the input value of the zeta iteration tolerance,
92, WRITE TOLZET
Check whether the gas property evaluation tolerance has been input.
93, IF TOLZME = 1.0 X 1077, go to 95

IF TOLZME # 1.0 X 1077, go to 94
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Print out the input value of the gas property evaluation tolerance.
94, WRITE TOIZME

Check whether the specific heat table has been input.

95, If ICTAB = 0, goto 112

If ICTAB > 0, goto 96

Print out a heading for the specific heat/teinperature tables,

96, WRITE heading for specific heat/temperature tables

Print out the specific heat/temperature tables,

97. WRITE (I, CPTAB(I), TCTAB(I), I = 1,ICTAB)

Set limit for do-loop.

98, II = ICTAB -1

99. Do103,1=1, II

Check whether temperature table values are monatonically increasing.
100. If TCTAB (I +1) > TCTAB (I), go to 103

If TCTAB (I +1) = TCTAB (I), go to 101

Temperature table values are not in the proper order.

101, WRITE error message about temperature table

Set input error indicator to one.

102. IERROR = 1

103. Continue

Check the first value in the temperature table,
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4 . :1:' 104. If TCTAB (1) > 0.0, go to 107
If TCTAB (1) = 0.0, go to 105
The first temperaturce table value is in error,
105. WRITE crrer message about temperature table
Set input error indicator to one,
106, IERROR = 1

107. Do 111, I = 1, ICTAB

Check whether specific heat table values are greater than zero.
108. If CPTAB (I) > 0.0, goto 111
If CPTAB (I) = 0.0, goto 109
Specific heat table values are in error,
109. WRITE error message about specific heat table
Set input error indicator to one,

110. IERROR = 1

111, Continue
112, Do 116, I = 1, IXTAB

Check Mach number table values.

R S IR o

113, If ZMTAB (I) > 0.0, go to 116

- .8

If ZMTAB (I) = 0.0, goto 114
The Mach number table is in error.

114, WRITE error message about Mach number table
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Set input error indicator to one.
115, IERROR = 1

116. Continue

Set limit for do-loop.

117, II = IXTAB -~ 1
118, Do 122, 1= 1, II
Check whether axial distance table values are monatonically increasing.

119, If XITAB (I + 1) = XITAB (I), go to 122

p My o

If XITAB (I + 1) < XITAB (I), go to 120
The axial distance table values are not in proper order,

120, WRITE error message ahout the axial distance table

Set input error indicator to one,

121. IERROR = 1

122, Continue

Check wall temperature option indicator.
123. If ITWTAB < 0, go to 133

If ITWTAB

0, go to 130

If ITWTAB > 0, go to 124

L
L
\

Tabular wall temperatures are to be used.
124, Do 128, I= 1, IXTAB

Check whether wall temperature values are greater than zero.
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125, If TWTAB (I) > 0.0, go to 128
If TWTAB (I) = 0.0, goto 126
The wall temperature table is in error,
126. WRITI cerror message about wall temperature table
Set input cerror indicator to one,
127, IERROR = 1
128, Continue
129. Go to 133

Constant wall temperature option is to be used; check for proper
values.

130, If TWTARB(1) > 0.0, go to 133

If TWTAB(1) = 0.0, go to 131
Input value of constant wall temperature is in error,
131. WRITE error message about wall temperature
Set input error indicator to one.
132. IERROR = 1
Check whether contour scale factor has been input,
133, If SCALE = 1.0, go to 137

If SCALE # 1,0, go to 134
Scale factor has been input; calculate real values for x and y.
134, Do 136, I = 1, IXTAB

135, XITAB(I) = (XITAB(I))(SCALE)
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136, YITAB (I) = (YITAB(I)){SCALE)
Check wall temperature option indicator.

137. If ITWTAB < 0, go to 139 h

Il

If ITWTAD = 0, go to 138
If ITWTAB > 0, go to 142

Print out value of constant wall temperature to be used.

138, WRITE TWTAB(1)

Print out heading for x, y, and M tables.

o - e

139, WRITE heading for x, y, and M tables

Print out input values of x, y, and M tables,

140. WRITE (I, XITAB(I), YITAB(I), ZMTAB(]), I = 1, IXTAB) A_ /1
141, Goto 144

Print out heading for x, y, M, and TW tables.,
142, WRITE heading for x, v, M, and TW tables
Print out input values of x, y, M, and Tw tables.,

143. WRITE (I, XITAB(1), YITAB(I), ZMTAB(D,
TWTAB(I), I = 1, IXTAB)

"o

Check dimension indicator for x, y, and M tables.
144, If IXTAB = 1, goto 150 N
If IXTAB > 1, go to 145

Check whether axial distance values are in monatonically increasing
order,

145, Do 149, I = 2, IXTAB
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146, If XITAB (I) > XITAB (I - 1), go to 149
If XITAB (I) = XITAB (I -~ 1), goto 147
The axial distance table is in error,
147, WRITE error message about axial distance table
Set input error indicator to one.
148, IERROR = 1
149, Continue
Check wall temperature option indicator.
150, If ITWTAB < 0, goto 154
If ITWTAB = 0, go to 151
Check for sonic point start procedure option,
151, If THETAI = 0,0, go to 154
If THETAI < 0.0, go to 152

The sonic point start option is incompatible with constant or tabular
wall temperature options,

152, WRITE error message about input options
Set input error indicator to one,
153. IERROR = 1
Check for any errors in the input values.,
154, If IERROR = 0, return
If IERROR > 0, go to 155

There is an error in the input; print out COMMON blocks, and go to
the next case.

155, CALL QUITS
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Subroutine READIN nomenclature is given in Table 13,

TABLE 13, SUBROUTINE RFADIN NOMENCLATURE
Symbol Description Units Reference
CPTAB Array of specific Btu/(hm-"R) /CSEVAL/,
heat values /NAM1/,
97, 108
DXMAX Maximum length of ft /INPUT/,
step size /NAM1/,
9, 10, 13,
15, 17, 21,
68
T DXMAXO | Maximum step size | ft 9, 15
from last case
EPSZ Flow geometry —_ /INPUT/,
indicator /NAMI/,
72, 73
FJ Conversion factor (ft-1bf) /Btu /INPUT/,
between thermal /NAM1/,
and work units 4, 80, 81
G Acceleration of (ft-1bm) /(1bf-sec?) /INPUT/,
gravity at sea level /NAM1/,
5, 84, 85
GAMO Specific heat ratio — /INPUT/,
at stagnation /NAM1/,
condition 53, 55
1 Do-loop and print- —_ 99, 100, 107,
out counter 108, 112,
113, 118,
119, 124,
125, 134-
136, 140,
143, 145,
146
ICTAB Specific heat — /INPUT/,
indicator and/or /NAM1/,
table dimension 36-38, 54,
95, 97, 98,
107
154
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TABLFE 13, SUBROUTINE READIN NOMENCLATURY (Continucd)

Symbol

Description

Units

IDXMAX

Step size indicator

IERROR

Input error
indicator

Reference

/INPUT/,
14, 18, 20

23, 27, 81,

45, 40, 14,
A8, b2, b1,
G1, Gh, (5,
79, 84, 87,
t02, 106,
110, 115,
121, 1927,
152, 148,
153, 154

II

Do-loop limit

93, 99,
117, 118

IPRINT

Print-out
indicator

/INPUT/,
/NAM1/,
28, 29

ITWTAB

Wall temperature
option indicator

/INPUT/,
/NAM1/,
41, 42, 123,
137, 150

IXTAB

Dimension indicator
for x, y, and M
tables

/INPUT/,
/NAM1/,
32, 32, 112,
117, 124,
134, 140,
143-145

MZETA

Velocity profile
exponent

/INPUT/,
/NAM1/, 2,
24, 25

PO

Stagnation pressure

1bf /£t

/INPUT/,
/NAM1/,
49, 50

PHII

Initial value of
energy thickness

ft

/INPUT/,
/NAM1/, 71

PRANDT

Prandtl number

/INPUT/,
/NAM1/,
58, 59

e i, W i
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TABLE 13, SUBROUTINE READIN NOMENCLATURE (Continued)

Symbol Description Units Reference
RBAR Specific gas (ft-Ibf) /(lbm-°K) /INPUT/,
constant /NAM1/,
76, 77
SCALE Contour scale — /INPUT/,
factor /NAM1/, 1,
21, 88, 133,
135, 136
—T0 Stagnation °R /INPUT/,
temperature /NAM1/,
45, 46
TCTAB Array of tem- °R /CSEVAL/,
perature values /NAM1/,
corresponding to a7, 100, 104
the specific heat
table values
THETAI Initial value of ft /INPUT/,
momentum thickness /NAM1/,
69, 70, 151
TITLE Array of Hollerith — DIM, 11, 22
characters input
as the title heading
for the case being
run
TOLCFA | Skin friction —_ /INPUT/,
iteration tolerance /NAM1/,
6, 89, 90
[ TOLZET | Zeta Iteration — /INPUT/,
tolerance /NAM1/, 8,
91, 92
T TOLZME | Gas property — /INPUT/,
evaluation tolerance /NAM1/, 7,
93, 94
TWTAB Array of wall °R /TABLES/,
temperature values /NAM1/,
125, 130,
138, 143
156
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i
TABLE 13. SUBROUTINE READIN NOMENCLATURE (Concluded)
B Symbol Deseription Units Reference
: XITAB Array of axial ft /TABLES/,
i distance values /NAM1/,
3 119, 135,
Lo 140, 143,
146
YITAB Array of nozzle ft /TABLES/,
radius valucs /NAM1/,
136, 140,
143
ZMTAB Array of Mach — /TABLES/,
number values /NAM1/,
113, 140,
143
ZMUG Stagnation b/(ft-sec) /INPUT/,
viscosity /NAM1/,
62, 63
ZMVIS Viscosity- — JINPUT/,
temperature law /NAM1/,
exponent 66
ZNSTAN Stanton number —_ /INPUT/,
interaction exponent /NAM1/,
67
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SUBROUTINI SEVAL

|

|

1 Subroutine SEVAL provides the evaluation of several thermodynamic
:' properties under the bagic assumptions that the enthalpy is a function of

n temperature (thermally perfeet) only and the CD is expressed as an analytic

function between intervals of o ¢ )" ‘T table, the function being a piccewise
g 1
cubic,

The basic relations connecting the thermodynamic quantitics are:

C =C . +BCP (T-T)+CCP (T-T)*+DCP, (T-T) , (1)
P pi i i i i i i

H(T)=H +[ Cc (Ja , (2)
1 Ti P
T C (t)
s(T, P) = S(TO, PO) + 1[ pt dt - R' In -ij . (3)

These functions are solved for several modes of input to SEVAL by an
option indicator INDI1,

IND1

1

0 S is evaluated directly from equation (3) for given values
of P and T,

S =S(T, P)
® SEVAL (0, T, P, §)

IND1

I
[

H is evaluaied directly from equation (2) for a given
T, and Cp is evaluated directly from equation (1),

H = H(T), C_=C_(T)
p P

® SEVAL (1, T, CP, H)

IND1

I
no

T is evaluated from equation (2) for a given H in an
inverse manner using a modified pseudo-position
procedure. Then C is evaluated directly from
equation (1),
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T = T(H), Cp = Cp(T) .

® SEVAL (2, T, CP, H)

3 T is evaluated from equation (3), for given S and P, in
an inverse manner using a modified pseudo-position
procedure,

T=T (8, P) .

® SEVAL (3, T, P, S)

-1 P is evaluated from equation (3) written in the form

T C (t)
1n (if_o)= ,{ —p_t— dt + S(To, PO) - s(t, P)| /R' .
(8]

P=P (T, S) .

® SEVAL (-1, T, P, S)
COMMON BLOCKS

COMMON blocks CSEVAL and INPUT are used.

TBL SUBROUTINES

Subroutines BARPRO, BARSET, FIIF, GETPT, and START call
SEVAL,

SEVAL calls subroutine QUITS.

M UAL T FpecinEr o

FORTRAN SYSTEM ROUTINES

- e

FORTRAN library routines ALOG and EXP are used.
Built-in FORTRAN function ABS is used.

CALLING SEQUENCE
The subroutine calling sequence is

CALL SEVAL (IND1, AA, BB, CC) :




1 where
l IND1 = option indicator (0, 1, 2, 3 or -1),
AA = temperature T,
BB = pressure P or specific heat Cp,
‘ CC = entropy S or enthalpy H.

Calling sequence depends on the option indicator represented by the
first term in the parentheses,

SEVAL (0, T,

-
Jen

SEVAL (1, T,

Q
-
(=

9 |
et

SEVAL (2, T,

SEVAL (3,

i,

» 8 )

SEVAL (-1, T, P, 8 )

SOLUTION METHOD
Define the function of entropy at temperature T and pressure P,

1. GAPF(T,G,A1,B1,C1,D1) = G + (A1)(Ln(T)) + (B1)(T)
+(C1)(T)? + (D1)(T)¥ (3.0) - PR

Set three input values as | :
2. T = AA '
3. A= BB

4, B8 =CC

Check the option indicator IND1.
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5, If IND1 < 2, goto 1l

1

If IND1 = 2, goto6
If IND1 > 2, goto 16
Save the input enthalpy in thermal units
(IND1 = 2;H—~ T, CP) .
6. B = (B)/(FJG)
Check whether variable or constant specific heat is considered,
7. If ICTAB > 0, goto 55

If ICTAB = 0, goto8

Save temperature and specific heat in the case of constant specific
heat (C =C ).
P po

(B)/(CPo)

8. T

CPO

9. A
10. Go to 106
Check the option indicator IND1,
11, If IND1 < 1, go to 33
If IND1 = 1, goto 12

Check whether variable or constant specific heat (IND1= 13T Cp, g)
is used. .

12. If ICTAB > 0, go to 33
If ICTAB = 0, goto 13
Save specific heat.

12. A= CPO
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Calculate enthalpy in work units: (CpOgJT(‘) .
14. B = (CJIG)(T)
15, Goto 106

Calculate the last term in the entropy equation (thermal units).

P
0

-Jliln(-P—) (IND1=3; P, S—=T) .

16. PR = (ROJ) (Ln((A)/ (POMAX)))
Calculate entropy to search the temperature table,

17. STAB = GAPF(TCTAB(IS), GTAB(IS), BARBI(IS),
BARB2(IS), BARB3(IS), DCP(IS))

Check the values between input entropy and calculated entropy above,

18. If B = STAB, goto 22
If B < STAB, goto 19
Decrement subscript counter to use next lower table values.
19, IS=1S - 1
Check whether subscript counter is still greater than zero.
20, If IS = 0, goto 42
If IS > 0, goto 21
21. Goto 17
Calculate the entropy corresponding to TCTAB(IS + 1).

22, STAB = GAPF(TCTAB(IS + 1), GTAB(IS), BARB1(IS),
BARB2(IS), BARB3(IS), DCP(IS))

- . - . . “ - -
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G Check whether the calculated entropy above exceeds the input entropy
' value,

23, If B < STAB, go to 27

If B = STAB, goto 24

Increment the subscript counter to use the next higher table values.
24, IS=1IS+ 1

} o . Check whether the subscript counter has exceeded the table dimension.
25, If IS = 20, go to 42

If IS < 20, goto 26

Repeat the above search until B < STAB is obtained.

26, Goto 22

Check the value of IS,

27. If IS = NOCTAB or IS = 0, goto 42
If IS < NOCTAB and IS > 0, go to 28

Save values of temperature and enfropy.,

28, TTP = TCTAB(IS)

29, FP = GAPF(TCTAB(IS), GTAB(IS), BARBI1(IS),
BARB2(IS), BARB3(IS), DCP(IS))

30, TTPP = TCTAB(IS + 1) %
|
31. FPP = STAB

32, Go to 68
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S Temperature T is checked in the following steps down to 44,
(IND1 = 0 or 1).

33, If T = TCTAB(IS), go to 37

If T < TCTAB(IS), go to 34

34, IS=1S - 1

356, If IS = 0, goto 42
If IS > 0, go to 36

36. Goto 33

87, If T < TCTAB(IS + 1), go to 41

If T = TCTAB(IS + 1), go to 38

38, IS=1IS+ 1

39. If IS = 20, go to 42
If IS < 20, go to 40

40. Go to 37

41, If IS > 0, goto 44

If IS = 0, goto 42

Print errors and corresponding values,
42, WRITE IS, IND1, T, A, B

Stop calculation by calling subroutine QUITS, ~. - "
43. CALL QUITS

Check whether IS exceeds_NOCTAB.

44. If IS = NOCTAB, go to 42

If IS < NOCTAB, go to 45
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Check the indicator for option INDI.

45, If IND1 < 0, go to 53

1}

If IND1 = 0, go to 50
If IND1 > 0, go to 46
Sct T minus tabalated value TCTAB(IS)
(INDL = 1; T — CP, H) .
46, DELT = T - TCTAB(IS)

Calculate enthalpy in thermal units according to the equation in
subroutine BARSET,

47, B = HTAB(IS) + (CPTAB(IS))(DELT)
+ (0.5) (BCP(IS)) (DELT)? + (CCP(IS)) (DELT)%/(3.0)
+ (0.25) (DCP(IS)) (DELT)*

Save enthalpy in work units,

48, B = (B)(FJQ)

49, Go to 105

Calculate entropy in this case (IND1 = 0; T, P — §) .

50. PR = (ROJ)(Ln((A)/ POMAX)))

Entropy: §
51, B = GAPF(T,GTAB(IS), BARB1(IS), BARB2(IS), BARB3(IS), f
DCP(18)) .

52, Go to 1u6 .
165 .
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Since

3
S = G, + BARB1 Ln T + BARB2,T + BARB3.T® + DCP, = - R Ln — ,
e i i i i i3 J Po
m3
c.i + BARBliLn T + BARB2iT + BARB31T2 + Dcpi -;— -8 .

D= P o
I I chp YA

The pressure P can be obtained, using entropy S and temperature T
in the case of (IND1 = -1; T, S, — P), where B is the input
entropy.

53, A = (POMAX) (Exp((GTAB(IS) + (BARB1(IS))(Ln(T))

+ (BARB2(IS))(T) + (BARB3(1S))(T)?
+ (DCP(IS)) (T)%¥ (3.0) - B)/ROJ))

54, Goto 106

Variable specific heat is considered from 55, when IND1 = 2,
Temperature T and specific heat C_ are obtained using given
enthalpy H = (B). P

(IND1 = 2; H—= T, CP)

Check whether the input enthalpy exceeds HTAB(IS) to search for
temperature Te'

55. If B = HTAB(IS), go to 59

If B < HTAB(IS), go to 56 :
56, IS = IS - 1 " p
Check the value of IS,
57. If IS = 0, goto 42

If IS > 0, go to 58

166




68. Go to 55

59. If B < HTAB(I& + 1), go to 63
If B = HTAB(IS + 1), go to 60

60, IS= 1S + 1

61, If IS = 20, go to 42
if IS < 20, goto G2

62. Go to 59

Check the value of IS,

63, If IS = NOCTAB or IS = 0, goto 42
If IS < NOCTAB and IS > 0, go to 64

Determine the table temperature and enthalpy corresponding to IS
and IS + 1.

64, TTP = TCTAB(IS)

65. FP = HTAR{IS)

66. TTPP = TCTAB(IS + 1)

67. FPT = HTAB(IS + 1)

Determine the fcllowing quantity.

68. TTO0 = ((TTP)(FPP - B) - (TTPP)(FP - B))/(FPP - FP)
Check the option indicator IND1,

69, If IND1 > 2, goto 73

If IND1 = 2, goto7C
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Define DELT (IND1 = 25 T — T, CP),

70. DELT = TT0 - TCTAB(IS)

Compute enthalpy.

71, F0 = HTAB(IS) + (CPTAB(IS))(DELT) + (0,5) (BCDP(IS))
x (DELT)%+ (CCP(IS)) (DELT)Y (3.0)
+ (0,25) (DCP(IS)) (DI1,7)4

72. Goto74

Compute entropy for IND1 = 3 (P, 8 — T),

73. F0 = GAPF(TT0,GTAB(IS), BARB1(IS), BARB2(IS), BARB3(IS),
DCP(IS))

Determine the temperature,
74, TT1P = ((TTO)(FPP - B) - (TTPP)(F0 - B))/(FPP - Fo)
76, TTIPP = ((TT0){FP - B) -~ (TTP)(F0 - B))/(FP - F0)

Set switch indicator to minus one.

Save temperature.
77. TAU = TTO
Save entropy.

78, SF = F0

Check whether the entropy or enthalpy calculated is nearly equal to
the input one, using a tolerance of 10-7,

79. If |(SF - B)/(B)| = 107", go to 84

If |(SF - B)/(B)| > 1077, go to 80

i g e et e I Y S e . —_
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Check whether the entropy o» enthalpy computed is equal to or less
| than the input value,

80, If SF = B, goto 86

If SF > B, goto8l

81. TTPP = TAU .
i 82, FPP = SF
1 83, Goto 88
Save the temperature in case convergence is achieved in step 79.

84. T = TAU

85. Goto 103

Store temperature and entropy or enthalpy in case convergence is not
obtained and the computed entropy or enthalpy is less than the input
values.

86. TTP = TAU

87. FP = SF

Check the switch indicator.

88. If N

AN

0, go to 89

If N= 0, goto 92

DT TR PR e o

If N> 0, goto 101

-yt

Set the switch indicator to zero.
89, N=0

Store the tempcrature,
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90, I'AU = TP

9. Goto 9

Set. N equal to onc,

92, N = 1

Store temperature TAU,

93. TAU = TTIPP

Check temperature TAU,

94, If TAU = TTP or TAU = TTPP, goto 88
If TAU > TTP and TAU < TTPP, goto 95

Check the option indicator IND1,

95, If IND1 = 2, goto 98
If IND1 > 2, go to 96

Calculate entropy using temperature TAU, (IND1 = 3;P, S — I)'

96. SI' = GAPF(TAU, GTAB(IS), BARB1(IS), BARB2(IS),
BARB3(IS), DCP(IS))

Repeat the iteration,

97, Goto 79

Define DELT to obtain enthalpy at temperature TAU
(IND1 - 2; H — T, CP).

98, DELT = TAU - TCTAB(IS)

Enthalpy at temperature TAU;

99, SI = HTAB(IS) + (CPTAB(IS))(DELT)+ (0.5) (BCP(IS)) (DELT)?2
+ (CCP(18)) (DELT)¥% (3,0) + (0.25) (DCP(IS)) (DELT)*

.
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100, Go to 79
| | Check whether convergence is obtained,
101, If (FPP - FP)/(FP + FPP) > 0.0010, go to 68

If (FPP - FP)/(FP + FPP) = 0.0010, go to 102
Calculate the temperature,
102. T = ((TTP)(FPP -~ B) - (TTPP)(FP - B))/(FPP - FP)
Check the option indicator,

103. If IND1 > 2, go to 106

If IND1 = 2, goto 104
Compute DELT, (IND1l = 2, H— T, CP),
104, DELT = T - TCTAB(IS)
Compute specific heat at temperature T.

105. A = CPTAB(IS) + (BCP(iS))(DELT) + (CCP(IS))(DELT)?
+ (DCP(IS)) (DELT)3

Save the temperature,

106, AA=T

Save the specific heat or pressure.

107. BB = A

Check the option indicator.

T R R 1

108, If IND1 = 2, return

If IND1 # 2, goto 109
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109,

CC=B

110. Return

Save enthalpy or entropy depending on the option indicator INDI,

Subroutine SEVAL nomenclature is given in Table 14.

ay £ 1Y MY

TABLE 14, SUBROUTINE SEVAL NOMENCLATURE
Symbol Description Units Reference
A Saved value of 1of /£ 3, 16, 42, 50,
pressure 53, 107
(IND1 = -1, 0,3)
or specific heat Btu/(lbm-° R) 3, 9, 13, 105,
(IND1 = 1, 2) 107
Al Argument of Btu/(lbm-°R) 1
entropy function
AA Saved value of °R CALL, 2, 106
temperature
B Saved value of Btu/(lbm-°R) 4, 18, 23, 42,
entropy 53, 79, 80, 109
(IND1= .1, 0, 3)
Saved value of (£t?/sec?) or 4, 6, 8, 14, 42,
enthalpy 47, 48, 55, 59,
(IND1 = 1, 2) Btu/(Ibm-°R) 68, 74, 75, 79,
80, 109
Bl Argument of Btu/(lbm-° R?) 1
entropy function
BARB1 Polynomial Btu/(lbm-°R) /CSEVAL/, 17,
equation for 22, 29, 51, 53,
C =C - BCPT, 73, 96
p pi i
+ CCP,T?
i
- DCPiTg
BARB2 First derivative of Btu/(lbm-°R?) /CSEVAL/, 17,
BARBI1 with negative 22, 29, 51, 53,
sign 73, 96
BARB3 Second derivative of | Btu/(lbm-°R3) /CSEVAL/, 17,

BARB2 times - 1/4

22, 29, 51, 53,
73, 96
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TABLE 14, SUBROUTINE SEVATL NOMENCLATURE (Continucd)
Symbol Deseription Units Reference
BB Specific heat in the Btu/(1bm-"R) CALL, 3,
casce of INDI = 1 or
2
Pressurc in the case | 1bf/ft? 107
of IND1 = -1, 0'or 3

BCP Cocfficient in the (Btu/lbm) -° R* /CSEVAL/, 47,
Cp - T relationship 71, 99, 105
determined by sub-
routinc BMFITS

C1 Argument of entropy | Btu/(lbm-°R?) 1
function

CcC Enthalpy in the casc | ft*/sec? CALL, 4
of INDl1 = 1 or 2
Entropy in the case Btu/(lbm-°R) CALL, 109
of INDI = -1, 0 or 3

CCP Cocfficient in the Btu/(lbm-°R%) /CSEVAL/, 47,
Cp - T relationship 71, 99, 105
determined by sub-
routine BMFITS

CJG Specific heat at ft?/(sect-°R) /CSEVAL/, 14
stagnation condition
in work units

CPO Specific heat at Btu/(lbm-°R) /CSEVAL/, 8,
constant pressure at 9, 13
stagnation condition

CPTAB Array of Cp values Btu/(lbm-°R) /CSEVAL/, 71,
corresponding to the 99, 105
values in the tem-
perature table

D1 Argument of entropy | Btu/(lom-°R?) 1
function

DCP Cocfficient in the Btu/(lbm-° RY) /CSEVAL/, 17,

Cp - T relationship

determined by sub-
routine BMFITS

22, 29, 47, 51,
53, 71, 73, 96,
99, 105
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i TABLE 14, SUBROUTINE SEVAL NOMENCLATURE (Continued)
Symbol Deseription Units Reference
) DELT Temperature °R 46, 47, 70, 71,
‘ differcence D8, 99, 104, 105
0 Saved value of Bta/Thm - 71, 74, 15, 78
; cnthalpy
Lo sSaved value of Ba/(Mhm-°R) 73, 74, 75, 78
entropy
" 'JG Conversion factor ({2-1bm)/ /CSEVAL/, 6,
: between thermal and | (Btu-sce?) 48
work units multiplicd
L by acceleration of
gravity used as a
proportionality
constant
FP Saved value of ft2/sec? 65, 68, 75, 87,
table enthalpy 101, 102
FPP Saved value of table ft*/sec* 67, 68, 74, 82,
enthalpy 101, 102
G Argument of entropy | Btu/(lbm-°R) 1
function
GAPF Entropy function Btu/(lbm-°R) 1, 17, 22, 29,
51, 73, 96
GTAB Array of terms used | Btu/{lbm-°R) /CSEVAL/, 17,
in entropy function 22, 29, 51, 53,
73, 96
HTAB Array of enthalpy Btu/lbm /CSEVAL/, 47,
values 55, 59, 65, 67,
71, 99
IND1 Option indicator S CALL, 5, 11,
42, 45, 69, 95,
103, 108
ICTAB Indicator = 0, —_— /INPUT/, 7, 12
constant specific
heat calculation
= (3 =SICTAB = 20),
dimension values in
Cp versus T tables
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TABLE 14, SUBROUTINE SEVAL NOMENCLATURE (Continucd)

Symbol Description Units Reference
IS Tabulated position —_ /CSEVAL/, 17,
in flow dircetion for 19, 20, 22, 24,
temperature table 256, 27-30, 33-
35, 37-39, 41,
42, 44, 46, 47,
51, 53, 55-57,
59-61, 63-67,
70, 71, 73, 96,
98, 99, 104, 105
N Switch indicator — 76, 88, 89, 92
NOCTAB Saved value of — /CSEVAL/, 27,
ICTAB 44, 63
POMAX Saved value of 1bf /fte /CSEVAL/, 16,
stagnation pressure 50, 53
PR R'In (51-3—) Btu/(lbm-°R) 1, 16, 50
0
ROJ Specific gas constant | Btu/{lbm-°R) /CSEVAL/, 16,
in thermal units, 50, 63
RBAR divided by FJ
SF Saved value of Btu/lbm 78-80, 82, 87,
enthalpy or 99
Save value of Btu/(lbm-°R) 78-80, 96
entropy
STAB Computed value of Btu/(lbm-°R) 17, 18, 22, 23
entropy
T Temperature °R 1, 2, 8, 14, 33,
37, 42, 46, 51,
53, 84, 102,
104, 106
TAU Saved value of °R 77, 81, 84, 86,
temperature 90, 93, 94, 96,
98
TCTAB ICTAB values of °R /CSEVAL/, 17,

temperature in
increasing order
defining C_ - T
table

22, 28-30, 33,
37, 46, 64, 66,
70, 98, 104
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o TABLE 14, SUBROUTINE SEVATL NOMENCLATURE (Concluded)

Symbol Description Units Reference
TTO Assumed temperature | °R 68, 70, 73-75,
! for iteration on the 77
,3 tcmperature
i TP Assumed temperature | ° R 74, 90
S for iteration on the
temperaturce
TT1PP Assumed temperaturce| T R 75, 93
for iteration on the
temperature
TTP Saved valuc of °R 64, 68, 75, 86,
TCTAB (IS) 94, 102
TTPP Saved value of 66, 68, 74, 81,
TCTAB (IS + 1) °R 94, 102
j
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SUBROUTINE START

Subroutine START locates the sonic point (M = 1) from the input Mach
number versus x table and then computes initial values for momentum and
energy thicknesscs,

The table of Mach numbers is lirst scanned to locate an exact input
value of M = 1, If none is found, the sonic point location is determined from
the following iteration procedure,

1. Locate the ith interval, in the table, which containg M = 1,
and assume xg =X

2, Using subroutine XNTERP. evaluate Mgat xg .
3. Make a tolerance comparison,

I IMg - 1,6|= TOLZME, convergence is satisfactory,
and appropriate flow quantities are avaluated at xg . I

outsic> the tolerance, a secant method is used to make
another assumption for xg and steps 2 to 3 are repeated

up to a maximum of 50 iterations.

Using the flow quantities just computed, subroutine INTZET is used
to evaluate integrals I; and I, for { =1, The shape factor 6°/9 is then

evaluated from equation (125) [1]. An iteration for the skin friction coefficient

Cf is performed (similar to that in subroutine BARPRO ), and a value of

momentum thickness 6 is computed, These values are assumed to be the
initial values for ¢ and ¢ at x ,
g

COMMON BLOCKS

COMMON blocks COFIIF, CSEVAL, INPUT, INTER,
LOOKUP, OUTFUT, SAVED, and TABLES are used.

TBL SUBROUTINES
Subroutine BARCON calls START .

START calls CFEVAL, GETPT, INTZET, QUITS,
SEVAL, and XNTERP,
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FORTRAN SYSTEM RCUTINES

FORTRAN library routine SQRT is used,

Built-in  FORTRAN function ABS is used,

CALILING SEQUENCE

The subroutine calling sequence is;

CALL START

SOLUTION METHOD

Set table position indicators for a first time
entry indication,

I, IMX = _1
2, I¥YS = -1
3. ITWX = .1

Initialize subscript counter to zero,

Check whether Mach number table includes M = 1,0,

6, If ZMTAB(I) < 1.0, goto 7

If ZMTAB(I) 1,0, goto 10
If ZMTAB(I) > 1.0, goto 13

Check whether subscript counter is equal to the table dimension,

PN A AGRY o R nage . BR P mn
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i R 7. I 1 < IXTAB, goto &
H1I=>= IXTAB, goto 8
The Mach number table does not contain M = 1.0,
f 8, WRITE error message about Mach number table
Print out all the COMMON hlocks and go to next case,

9, CALL QUITS

s

Obtain axial distance at which M = 1,0,

{
1

10, X = XITAB(D

Set subscript counter for the Mach number that just exceeds one,

11, IBEG = I + 1

12, Goto 29

Check whether the first Mach number table value is greater than one.

13, f I = 1, goto 8
Il>1,goto 14

Save value of axial distance at which Mach number becomes greater _
than one,

14, XG = XITAB(I) _ )
Obtain the lowest number table value greater than one. |
15, ZME = ZMTAB(D

Approximate the axial distance at which M =1,0.

16, X = XITAB(I-1) + (XITAB(I) - XITAB(I- 1))/
(ZMTAB(I) - ZMTAB(I - 1))(1.0 - ZMTAB(I -~ 1))

Initialize Mach number iteration counter to zero.
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17, J =0

Set subscript counter for which Mach number exceeds one,
18, IBEG = I

Increment Mach number iteration counter,

19, J = J + 1

Save previous value of axial distance at which M > 1.0,
20, XO = XG

Save previous value of Mach number obtained from table lookup.
21, ZMO = ZME

Save present value of axial distance for which M > 1.0.
22, XG =X

Determine value of Mach number for approximated value of axial
distance.

23. CALL XNTERP(X, ZME, ZMEP, IMX, XITAB, ZMTAB, IXTAB,
CMX, IMX) -

Check whether the Mach numher falls within the desired tolerance
band.

24, If |ZME - 1,0] = TOLCFA, goto 29
I |ZME - 1.0| > TOLCFA, goto25

Compute a new value of the Mach number,

25, ZMX = (XG - XO)/(ZME - ZMO)

Compute a new value of the axial distance,
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26, X = XO + (1.0 - ZMO)(4MX)

Check whether there have been more than 50 iterations Lo determine
the Mach number equal to one,

27, If 4 = 5O, goto 19
If J > 50, goto 28
There have been more than 50 iterations on the Mach number.,
28, WRITE error message about Mach numker iteration failure
Determine the value of Mach number at final value of axial distance.

29, CALL XNTERP (X, ZME, ZMEP, IMX, XITAB, ZMTAB, IXTAB,
CMX, IMX)

Determine the nozzle radius at this value of axial distance.

30. CALL XNTERP (X, YR, YRP, IYS, XITAB, YITAB, IXTAB,
CYX, IMX)

Compute the pressure and temperature for the computed Mach number.
31. CALL GETPT (ZME, PSE, TE)

Compute the enthalpy and specific heat at this temperature,

32. CALL SEVAL (1, TE, CPE, HE)

Compute the ratio of specific heats.

33. GAME = (CPE)/(CPE - (RBAR)/(FJ))

Compute the difference between stagnation and static enthalpy.

34, HB = HO - HE

Compute the fluid velocity,

181

X T = ————— -

L IR R T IRTE T

-




s P

R 35. UE = SQRT((2.0) (HB))
‘ | Compute the fluid density,
36, RHSE = (PSE)/(TE)/(RBAR)
Compute viscosity at the static temperature,
37, ZMU = (ZMUO) ((TE)/ (To)) “MVIS

Compute the adiabatic wall enthalpy.

R ' 1
38. HAW = HE + ((PRANDT) ’3) (HB)

o Compute the adiabatic wall temperature and specific heat.
39. CALL SEVAL(2, TAW, CPAW, HAW)
Check for temperature option to be used.

40, If ITWTAB < 0, goto 41

If ITWTAB

0, goto 44
If ITWTAB > 0, goto 47

Adiabatic wall temperature option is used; set wall enthalpy and wall
temperature to adiabatic values.

41, HW = HAW N
42, TW = TAW -
1
43, Goto 49 :
ba

Constant wall temperature option is used; set wall enthalpy to previously
computed value,

44, HW = TWTAB(2)

Set wall temperature to input value.
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456, TW .. TWTARB(1)
46, Go to 49
Tabular wall option is used; determine the value of wall temperature,

47, CALL XNTERDP(X, TW, TWD, 1TWX, XITAB, TWTAB, IXTAB,
CTWX, IMX)

Compute enthalpy and specilic heat at the wall temperature,
48, CALL SEVAL(1, TW, CPW, [IW)

Obtain flow properties to evaluate integrals I; and I, .

49, ATFINT = HW

50, BFINT = HO - HW
51. CTINT = - HB
52, TFINT = TE

53, MMINT = MZETA

Set indicator to evaluate first integral I .
54, IFINT = 1

Evaluate first integral I, .

55, CALL INTZET(0.0, 1.0, ZI1)

Set indicator to evaluate second integral I, .
56, IFINT = 2

Evaluate second integral I, .

57. CALL INTZET(0.0, 1,0, ZI2)

Compute the boundary layer shape factor.
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58. DELSOT - ((1.0)/(ZMZAETA) - 712)/(711)
Checek for type of flow to be considered.
59, If KPSZ = 0,0, go to 62

If KPSZ # 0.0, go to 60

Axisymmetrice flow is considered; set intermediate term to ratio of
nozzle radius slope to the nozzle radius.

60. ERASES5 = (YRP)/(YR)

61. Goto 63

Two-dimensional flow is considered; set intermediate term to one.
62. ERASE5 = 1,0

Compute intermediate term.

63. ERASE4 = (1.0 + DELSOT) /(1.0 + (GAME - 1.0)/(2.0))(ZMEP)
+ ERASE 5

Check on value of intermediate term.
64. If ERASE4 # 0.0, go to 66
If ERASE4 = 0.0, go to 65
The intermediate term is in crror.
65. WRITE error message and possible remedy

Compute ratio of difference between stagnaiion and adiabatic wall
temperature to the adiabatic wall temperature.

66. ERASE1 = (17.20)(T0 - TAW)/ (TAW)

Compute ratio of difference between static and stagnation temperature
to adiabatic wall temperature,

g A
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67. ERASE2 = (303.0)(TE - T0)/(TAW)

Compute term for calculating the momentum thickness,
68. CTHET = (0.50)(SQRT(1.0 + YRP?))/(ERASE4)
Compute skin friction coefficient intermediate term.

89. CRT2 = ((TAW) /(TE))(I'O_ZMVIS)(RHSE

({ZMU) (CTHET)

Y(UE)/

Compute ratio of adiabatic wall temperature to the static temperature.
70, ERASE3 = (TAW)/(TE)

Set initial assumption for the skin friction coefficient.

71. CFA = 0.0010

Initialize skin friction coefficient iteration counter to zero.

72, JE=0

Increment skin friction coefficient iteration counter.

73. JE=JE + 1

Save previous skin friction coefficient quantity

74. CFG = CFA

Compute momentum thickness based on computed skin friction
coefficient.

75. THETA = (CFC)(CTHET)

Compute term for ob*aining skin friction coefficient based on Coles!
relationship.

76. CR = (CRT2)(THETA)?
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Compute skin friction coefficient based on Coles' relationship.
77. CFB = CFEVAL(CR)
Compute intermeaiate term,

78, TTAW = 1,0 + (ERASE1) (SQRT((CFB)/ (2.0))
+ (ERASE2) (CFB)/ (2. 0)

Check value of intermediate term,
79. If TTAW > 0.0, go to 86
If TTAW = 0.0, go to 80
Compute new value of the skin friction coefficient.
80. CFA = (3.0)(CFQ)
Save.computed value of skin friction coefficient.
8l. Z4 = CFA
Save approximation value of skin friction coefficient,
82, Z2 = CFG

Check whether there have been over 50 interations to determine the
skin friction coefficient.

83, If JE = 50, goto 73
If JE > 50, goto 84

There have been more than 50 iterations on the skin friction
coefficient.

84, WRITE error message about skin friction coefficient iteration
failure,

85, Go to 96
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Compute new value of the skin friction coefficient.

86. CFA = (CFB)/((ERASE3)(TTAW)ZMVIS

)

Check whether the skin friction coefficient is within the tolerance,

87. If | (CFA - CFG)/(CFA + CFG) | = TOLCFA, go to 96
If | (CFA - CFG)/(CFA + CFG) | > TOLCFA, go to 88

Check whether the iteration counter is less than two.

88. If JE < 2, goto 81
If JE = 2, goto89

Save previous computed value of skin friction coefficient.

89. Z3 = Z4

Save previous assumed value of skin friction coefficient,

90. Z1= Z2

Save new computed value of skin friction coefficient.

91, Z4 = CFA

Save new approximation of skin friction coefficient.

92. Z2 = CFG

Compute skin frictinn coefficient convergence term.

93, ZS5 = (Z4 - Z3)/(Z2 - Z1)

Compute new value of the skin friction coefficient.

94, CFA = (Z4 - (ZS5)(Z2))/(1.0 - ZS5)

Loop back to continue iteration on skin friction coefficient.

95, Go to 83
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96, THETAI = (CFA)(CTHET)

Set initial value of momentum thickness equal to energy thickness.

| ‘

3

¥ . Compute initial value of momentum thickness, ‘

i 97. PHII = THETAI

Save final computed value of skin friction coefficient.

98. CFAGT = CFA *
3et shape factor to one,

99. ZETA = 1.0 ' a
v

Write out the initial values of momentum and energy thicknesses at the
throat,

100. WRITE X, YR, THETAI, PHII

101, Return

Subroutine START nomenclature is given in Table 15.

TABLE 15. SUBROUTINE START NOMENCLATURE

Symbol Description Units Reference
AFINT Wall enthalpy for ft?/sec? /COFIIF/, 49 5
integral evaluation -
BFINT Difference between | ft¢/sec’ /COFIF/, 50 P
stagnation enthalpy 3
and wall enthalpy *
CFA Computed value of —_— 71, 74, 80, 81, B
skin friction 86, 87, 91, 94, ‘
coefficient 96, 98
CFAGT Saved value of —_ /INTER/, 98
computed skin
friction coefficient
CFB Value of skin friction | — 77, 78, 86
coefficient

from CFEVAL

Y
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TABLE 15, SUBROUTINE START NOMENCLATURFE (Continued)

| Symbol

Desceription

Units

Reference

CI'G

-

Approximation of
skin {riction
cocfficient

74, 75, 80, 82,
87, 92

CT'INT

Difference betweon
static enthaipy

and stagnation
enthalpy

ft? /scc?

/COFIIF/, 51

L CMX

Array of parabola
cocfficients for
Mach number table
(ZMTADB)

/TOOKUP/, 23,
29

CPAW

Specific heat at
adiabatic wall
conditions

Btu/(lbm-° R)

39

CPE

Speeific heat at
static tcmperature

Btu/(lbm-° R)

32, 33

CPW

Specific heat at
wall temperature

Btu/(lbm-°R)

48

CR

Term for computing
skin friction
cocfficient in
CFEVAL

lom/(ft-sec)

76, 77

CRT2

Term for
computing CR.

lbm/(ft’-sec)

69, 76

CTHET

Term for computing
momentum thickness

ft

68, 75, 96

CTWX

Array of parabola
coefficients for the
wall temperature
table (TWTAB)

/LOOKUP/, 47

CYX

Array of parabola
coefficients for the
nozzle radius table
(YITAB)

/LOOKUP/, 30

DELSOT

Boundary layer shape
factor 0*/0

/OUTPUT/, 58,
63

LPSZ

Flow geometry
indicator

/INPUT/, 59

T —_—

Py
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TABLE 15, SUBROUTINE START NOMENCLATURE (Continucd)

Symbol Desceription Units Reference
: ERASE1 Ratio of stagnation —_— 66, 78
and adiabatic wall
temperature
ERASE2 Ratio of static, — 67, 78
‘ stagnation, and
adiabatic wall
temperatures
ERASE3 Ratio of adiabatic wall| —— 70, 86

temperature to the
static temperature
ERASE4 Intermediate term fr =1 63, 64, 68
for computing

momentum thickness
ERASESB Intermediate term £t~ 60, 62, 63
for computing

. momentum thickness

RS FJ Thermal-to-wo:'k (ft-1bf) /Btu /INPUT/, 33
unit conversion
” factor
e GAME | Ratio of specific — 33, 63
}, o heats i
HO Stagnation enthalpy ft*/sec’ /CSEVAL/, 34,
' : 50
HAW Adiabatic wall ft2/scc? 38, 39, 41
enthalpy
HB Difference between ft*/sect 34, 35, 38, 51

stagnation and
static enthalpy

HE Static enthalpy ft*/sect /INTER/, 32, '
{ 34, 38 : 3
HW Wall enthalpy ft*/sec’ /INTER/, 41, g .
44, 48-50 T
I Array subscript _— 4.7, 10, 11, 13-
counter 16, 18
IBEG Subscript counter at | —— /INTER/, 11, 18

which the Mach
number table exceeds A
one
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TABLFE 15, SUBROUTINE START NOMENCLATURE (Continued)

Symbol Description Units Reference
IFINT Integral evaluation — /COFIIF/, 54,
indicator 56
IMX Position or start —_— /LOOKUP/, 1,
indicator for Mach 23, 29, 30, 47
number table
(ZMTAB)

ITWTAB Wall temperature — /INPUT/, 40
indicator

ITWX Position or slart — ® /LOOKUP/, 3,
indicator for wall 47
temperature table
(TWTAB)

IXTAB Nimber of poinis in — /INPUT/, 7,
X, ¥, and M tables 23, 29, 30, 47

1YS Position or start —— 2, 30
indicator for nozzle
radius table (YITAB)

J Mach number R 17, 19, 27
iteration counter

JE Skin friction — 72, 73, 83, 88
coefficient iteration
counter

MMINT Exponent for integral | —— /COFIIF/, 53
evaluation

MZETA Exponent of velocity | — /INPUT/, 53
profile

PHII Initial value of ft /INPUT/, 97,
energy thickness 100

PRANDT Prandtl number — /INPUT/, 38

PSE ‘Static pressure at 1bf/ft? 31, 36

: M= 1.0

RBAR Specific gas constant | (ft-Ibf) /(Ibm-°R)|{ /INPUT/, 33, 36

RHSE Fluid density at lbm/ ft* 36, 69
M= 1.0

TO Stagnation °R /INPUT/, 37,
temperature 66, 67

TAW Adiabatic wall "R 39, 42, 66, 67,
temperature 69, 70

- L ——— e . . o U e v e rper—_( BRI T
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Lo TABLE 15. SUBROUTINE START NOMENCIATURE (Continued)

.

Symbol Deseription Units Reference
, TE Static temperature °R /OUTPUT/, 31,
| at M= 1,0 32, 36, 37, 52,
! 67, 69, 70
TFINT Static femperaturc °R /COFIF/, 52
for integral
evaluation
_ THETA Boundary layer ft /OUTPUT/, 75,
[ momentum thickness 76
g THETAI Initial value of ft /INPUT/, 96,
: momentum thickness 97, 100
: TOLCFA Tolerance in skin —_— /INPUT/, 24,
friction coefficient 87
iteraiion
TTAW Intermediate term —_— 78, 79, 86
in skin friction
coefficient iteration
TW Wall temperature °R /OUTPUT/, 42,
45, 47, 48
TWP Derivative of wall R/t 47
temperature
TWTAB Array of wall °R /TABLES/, 47
temperatures at
~ contour points
UE Velocity of fluid ft/sec /OUTPUT/, 35,
at M= 1,0 69
X Axial distance at ft /OUTPUT/, 10,
which M = 1.0 16, 22, 23, 26,
29, 30, 47, 100
XG Approximation of ft 14, 20, 22, 25
axial distance at
which M = 1,0
|~ XITAB Array of axial ft /TABLES/, 10,
distance values 14, 16, 23, 29,
34, 47
X0 Previous assumption | ft 2V, 25, 26
of axial distance at
which M= 1,0
YITAB Array of nozzle ft /TABLES/, 30
radius values
192
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TABLE 15, SUBROUTINE START NMOMENCLATURE (Continued)

temperature law

Symbol Description Units Reference

YR Nozzle radius or ft /OUTPUT/, 30,
contour height 60, 100

YRP Derivative of nozzle —_— 30, 60, 68
radius

7.1 Saved value of skin — /OUTPUT/, 90,
friction cocfficient 93
assumption

7.2 Saved value of skin — /OUTPUT/, 82,
friction coefficient 90, 92-94
assumption

Z3 Saved value of —_— /OUTPUT/, 89,
computed skin 93
friction coefficient

Z4 Saved value of — /OUTPUT/, 81,
computed skin 89, 91, 93, 94
friction coefficient

ZETA Shape factor — /OUTPUT/, 99
L= (a/6)"

ZI1 Value of integral I, -_— /SAVED/, 55,

58
ZI2 Value of integral I, | — /SAVED/, 57, 58
7ZME Mach number — /OUTPUT/, 15,
21, 23-25, 29, 31

7 MEDP Derivative of Mach T 23, 29, 63
number

ZMO Saved value of Mach — 21, 25, 26
number for iteration '
on M= 1,0 :

ZMTAB Array of Mach — /TABLES/, 6,
numbers associated 15, 16, 23, 29
with contour points

ZMU Fluid viscosity at Iom/ (ft-sec) 37, 69
M= 1,0

ZMUO Viscosity at lom/(ft-sec) /INPUT/, 37
stagnation
temperature

ZMVIS Exponent in viscosity | — /INPUT/, 69, 86
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(R TABLE 15. SUBROUTINE START NOMENCLATURE (Concluded)

! Symbol Description Units Reference
ZMX Computed value of —_ 25, 26

Mach number in
iterationon M = 1.0

" ZMZETA | Real value of —_— /INTER/, 58
velocity profile
exponent :
Z85 Ratio of difference _— 93, 94

Lo between computed
CoL values of skin
friction coefficient
and approximations
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SUBROUTINE XNTERP

Subroutine XNTERP determines the dependent variable y and its
first derivative y' for a dependent variable x based upon a functional
relationship y = f(x) represented in tabular form, A local quintic spline
interpolation is used in the soiution process as deseribed helow.

The independent variable table is searched until the interval containing
x is located. The associated interval table values xi and X1 and two

additional ones X 1 and X, .o » ONEON either side of the specified interval,

are then selected for the quintic spline fit, Using either the first three

xi 1 xi, xi+1)or the last three X xi+1, xi+2 table values from the ones
previously specified, two parabolas and their corresponding coefficients are
determined satisfying the following relationship.

;= C1* Cy (x - Xi-l) + Cy (x - xi__l)2 ,

i

Y.= Cy* C; (X-Xi)"'Ce (X-Xi)z ’

RIGHT PARABOLA

X

X1 % Xi+1 X+2
A cubic weighting function o and its derivative o'
a(x) = 30 - 2U8

a'(x) = (6U ~ 6U%) * U'(x) ,
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where
|
X - xi
; U(x) = —t
' i+1 i
| 1
l
U s
| X1 "N

provide a scheme to solve for the dependent variable y and its derivative y'
according to the relationship below,

y (x) =[1 -a(x)][Cy+ Cy (x - xi_l) + Cy (x - X, )21

i-l

+a (x) [Cy+ Cy (x - xi) + Cq (x - xi)2]

=[1-a(x)]y+ta(x)¥f; ;

y'(x)=a' (T -FP+ 1 -a®] F+e(x) 7, .
COMMON BLOCKS

No COMMON blocks are used,
TBL SUBROUTINES

Subroutines BARCON, BARPRO, and START call XNTERP,

XNTERP calls subroutine QUITS,

ST R TREREE 1 "

FORTRAN SYSTEM ROUTINES

No FORTRAN library routines or built-in FORTRAN functions
are used,

CALLING SEQUENCE
The subroutine calling sequence is

CALL XNTERP (X, Y, ¥P, IXIN, XAR, YAR, IAR, CAR, IPOS),
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where

X = input value of the independent variable

Y = output value of the corresponding dependent variable
YP = derivative of the dependent variable

IXIN = table position or start indicator
XAR = input array of independent variables

YAR = input array of dependent variables

IAR = dimension of the independent and dependent arrays
CAR = input or output array of parabola coefficients
IPOS = array position indicator

SOLUTION METHOD

Set interval subscript counter limit.

1. IXO = IXIN

Set working maximum length of input arrays.

2, IXMAX = IAR -1

Set internal subscript counter to array position indicator.
3. IX = IPOS

Set array of parabola coefficients to those used previously.
4, Do5,1=1,6

5. C(I) = CAR(D

APty £ 1R

-
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Check whether this is a first time entry,
6. If IXO > 0, goto 10
If IXO = 0, goto7

This is a first time entry; set the indicator to one,
7. IFIRST = 1

Set subscript counter limit to IAR + 1,

8. IXO = IXMAX + 2

Set array subscript counter to one,

9, X =1

Check whether subscript counter is zero or negative,
10. If IX =0, goto?

If IX>0, gotoil

Check whether the input independent value is greater than or equal to

table value.
11, If X = XAR(IX), go to 16
If X < XAR(IX), goto 12
Decrement the array subscript counter.
12, X=X -1
Check whether the subscript counter is still greater than zero.

13, If IX > 0, goto 1l
If IX =0, goto 14
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The input value is out of range of the table; print out values,

14, WRITE X, XAR(1), XAR(IXMAX + 1), YAR(1),
YAR(IXMAX + 1)

Print out the COMMON blocks, and go to the next case,
15, CALL QUITS

Check whether the input value is less than or equal to the next table
value,

i6, If X = XAR(IX + 1), goto 19
If X > XAR(IX + 1), goto 17
Increment the array subscript counter,
17, X=X+ 1
Check whether the subscript counter has exceeded the maximum value.
18, If IX = IXMAX, go to 16
If X > IXMAX, goto 14

The points bracketing x have been found; obtain the four surrounding
points for x and y.

19, Do22,I=1, 4

, and x,

Set subscript counter to obtain x, .
i i+2

-1 %y By
200 1 =IX-2+1

Obtain the four surrounding points from the x table and the corres-
ponding points from the y table,

21, XI(I) = XAR(Ii)

22, YI(I) = YAR(I1)

{
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Compute difference between x and xi.

23, DX2 = X - XI(2)

Compute differonce between X1 and xi.

24, DX32 = XI(3) -~ XI(2)

Check subscript counter against subscript limit,
256, If IX < IXO, go to 39

If IX = IXO, go to 26

If IX > IXO, go to 62

The subscript limit has becn reached; set subscript limit indicator.

26. IXOGO = 0
Check whether subscript counter is greater than one,
27, If IX > 1, goto 30
If IX = 1, goto 28
Subscript counter is less than or equal to one; set indicator.
28. IGO = -1
29. Goto 74
Check whether subscript counter is less than the maximum.
30. If IX < IXMAX, go to 37
If X =2 IXMAX, goto 31
Check for first time entry into the dependent array.
31, If IFIRST = 0, goto 35

If IFIRST # 0, go to 32

.
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This is a first time entry; reset entry indicator, and sect loop indicator,
32, IFIRST = 0

33, 1GO =1

34, Goto H4

This is not a first_time entry; set the loop indicator,

35, IGO =1

36, Goto 70

Subscript counter is less than the maximum; set loop indicator.

37, 1IGO = 0

38, Goto 70

Subscript counter is below the limit; set subscript limit indicator.

39. IXOGO = -1 .
Check whether the subscript counter is one less than the limit.
40, If IX < IXO -1, goto 45

If IX = IXO - 1, go to 41

Set left parabola coefficients to the right parabola coefficients.

y
41, C(4) = c(1) ;
42, C(5) = C(2) ;
43. C(6) = C(3)
44, Go to 52

Compute coefficients for the left parabola,

45, C(4) = YI(2)
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Compute difference between x and X, and y and y

i+2 i+1

46, DX42 = XI(4) - XI(2)
47, DY32 = YI(3) - YI(2)
48, DYOX32 = (DY32)/ (DX32)

49. C(6) = (DYOX32 - (YI(4). - YI(2))/ (DX42))/ (XI(3) - XI(4))

i

50, C(5)

[

DYOX32 - (C(6)) (DX32)
Check subscript limit indicator,
51, If IXOGO > 0, go to 70
If IXOGO = 0, go to 52
Check whether subscript counter is greater than one,
52, If IX < 1, goto 28
IfIX > 1, goto 53
Subscript is less than the limit and greater than one; set indicator,
53, IGO = 0
Compute coetficients for the left parabola.
54. C(1) = YI(1)
Compute difference between X, and Ay
55, DX21 = XI(2) - XI(1)
Compute difference between X, 1 and X, 1"
56, DX31 = XI(3) -~ XI(1)
Compute difference between yi and y

i-1'
57. DY21 = YI(2) -~ YI(1)




i

58. DYOX21 = (DY21)/(DX21) 4

]

59. C(3) = (DYOX21 - (YI(3) - YI(1))/(DX31))/(XI(2) - XI(3))

I}

60. C(2) = DYO X21 - (C(3))(DX21)
Checek aubscript limit indicator,

' 61. If IXOGO = 0, go to 70

If IXOGO > 0, go to 67

B e

The subscrint counter is above the limit; set subscript limit indicator,
L 62, IXOGO = 1

Check whether the subscript counter is more than one above the limit.

M R

63, If X > IXO + 1, goto 54

If IX = IXO + 1, goto 64

|
Set coefficients of left parabola to those of right parabola. <A

C(4)

]

R o o

65. C(2) = C(5)

1

66. C(3) = C(6)

Check whcther subscript counter is less than the maximum, o

67. If IX = IXMAX, goto 35 -

If IX < IXMAX, go to 68
Subsecript counter is less than the maximum set loop indicator, s :
68, IGO= 0
{ : 69. Goto 45
203 }




b Compute difference between x and x

i-1
70, DX1 = X -~ XI(1)

Compute dependent variable value from the left parabola.
71, YB1 = ((C(3))(DxX1) + c(2))(DX1) + c(1)
Compute derivative of dependent variable,

72. YPB1 = (C(83))(Dx1)/(0.50) + C(2)

Check loop control indicator.

73. If IGO > 0, go to 89

If IGO = 0, goto 74

Compute dependent variable value from the right parabola,
74. YB2 = ((C(68))(Dx2) + C(5))(DX2) + C(4)
Compute derivative of dependent variable,

75. YPB2 = (C(86))(DX2)/(0.50) + C(5)

Check loop control indicator,

76. If IGO < 0, goto 92

If IGO = 0, go to 77

1

W

Compute U (x), UZ, and U® for the cubic weighting function. -
o

77. Ul = (DX2)/(DX32) *
2

78. U2 = (U1)(U1)
79. U3 = (U1)(u2)
Compute the cubic weighting function ¢ .

80. Al =(3.0)(U2) - (2.0)(U3)
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Compute the derivative of the cubic weighting function,

81, A1P = (6.0)(U1 - U2)/(DX32)

Compute the interpolated value of the dependent variable,

82, Y= (1.0 - A1)(YB1) + (A1)(YB2)

Compute the derivative of the dependent variable,

83, YP = (1.0 - A1)(YPB1) . (A1P)(YB1 - YB2) + (A1)(YPB2)

Save value of the array subscript counter for the next entry into the
dependent table,

84, IXIN = IX
Check whether the subscript counter limit has been reached.
85. If IXOGO = 0, return

If IXOGO # 0, goto 86

Save the values of the parabola coefficients for the next entry into the
same tables,

86. Do87, I=1,86

87. CAR(I) = C(I)

Return to the calling subroutine,
88. Return

Set the value of the dependent variable to that computed from the left
parabola.

89. Y = YB1
Set the derivative to that computed from the left parabola,

90. YP = YPB1

e 3 e e v g —————— — we g e ve eee—
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Save array position indicator and parabola coefficients,

91. Goto 84

Set the value of the dependent variable to that computed from the right
parabola.

92, Y = YB2

Sct the derivative to that computed from the right parabola,

93. YP = YPB2

Save array position indicator and parabola coefficients,

94, Goto 84

Table 16 gives the subroutine XNTERP nomenclature,

TABLE 16. SUBROUTINE XNTERP NOMENCLATURE

Symbol Description Units Reference
Al Cubic weighting function o (x) 80, 82, 83
Al1P Derivative of the cubic weighting 81, 83
function o' (x)
C Internal array of coefficients for DIM, 5, 41-43,
right and left parabolas 45, 49, 50, 54,

59, 60, 64-66,
71, 72, 74, 75,

87
CAR Input or output array of CALL, DIM, 5,
parabola coefficients for 87
_ input tables
DX1 Difference between value of 70, 71
independent variable x and
the second table point less than
X (x - x . 1)
DX2 Difference between value of 23, 72, 74, 75,
independent variable x and the 77
first table point less than or
equal to x (x - xi)
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A SEAS

: ' TABLE 16, SUBROUTINE XNTERP NOMENCLATURE (Continued)

Symbol Description Units Reference

DX21 Difference between first { ble 55, 58, 60
poini less than x and the second
table point less than x (xi - X 1)

DX31 Difference between first table 56, 59
point greater than x and second '
table point less than

X (%, - %y

s DX32 Difference between first tarle 24, 48, 50, 77,
IR point greater than x and first 81
P table point less than
2 (%4 - %)

DX42 Difference between second 46, 49
table point greater than x

and first table point less than
x (x

ez = %)
DY21 Difference between dependent table 57, 58
point corresponding to X and the

table point corresponding to
% vy -y ) i
DY32 Difference tetween dependent 47, 48

table point corresponding to

xi+ 1 and the table point

corresponding to x, (yi+ - yi)
DYOX21 Ratio of DY21 to DX21 58-60
S T RV TR

DYOX32 Ratio of DY32 to DX32,

[(y,4q = 9)/(5 4, - %)) 48-50 \
I Do-loop counter 4, 5, 19-22, 86, 87
I1 Subscript counter 20-22
~ IAR Dimension of the independent CALL, 2
_ and dependent tables
IFIRST First time entry indicator 7, 31, 32 "
1GO Internal loop control indicator 28, 33, 35, 37,

63, 68, 73, 76
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| TABLE 16. SUBROUTINE XNTERP NOMENCLATURE (Continued)
: Symbol Description Units Reference
: IT"OS Input array position indicator CALL, 3
| IX Array subscript counter 3, 9-13, 16-18,
i 20, 25, 27, 30,
- 40, 52, 63, 67,
' 84
2 IXIN First time entry indicator or CALL, 1, 84
| saved value of subscript
L . counter from previous entry
T IXMAX Working maximum length of 2, 8, 14, 18,
- the input tables IAR - 1 30, 67
IXO Internal limit for the subscript 1, 6, 8, 25,
counter 40, 63
IXOGO Subscript limit indicator 26, 39, 51, 61,
62, 85
U1 Ratio of DX2 to DX32 7779, 81
[ - x) /3y - %)
U2 U1 squared 78-81
U3 U1l cubed 79, 80
X Input value of the independent CALL, 11, 14,
variable 16, 23, 70
XAR Input array of independent CALL, DIM,
variables 11, 14, 16, 21
X1 Array of table points surrounding DIM, 21, 23,
the input value of the indeperndent 24, 46, 49, 55,
var:iable 56, 59, 70
Y Output value of the dependent CALL, 82, 89,
variable corresponding to the 92
independent variable
YAR Input array cf dependent CALL, DIM,
variables 14, 22
YB1 Value of dependent variable 71, 82, 83, 89
on the left parahola
YB2 Value of dependent variable 74, 82, 83, 92
on the right parabola
Yi Array of dependent table points DIM, 22, 45,
corresponding to the XI values 47, 49, 54, 57,
59
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TABLE 16, SUBROUTINE XNTERP NOMENCLATURE (Concluded)

Symbol Description Units Reference
YP Output value of the derwvative CALL, 83, 90,
of the dependent variable 93
YPB1 Derivative of dependent variable 72, 83, 90

from the left parabola
YPRB2 Derivative of dependent variable 75, 83, 93
from the right parabola
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SUBROUTINE ZETAIT

Subroutine ZETAIT calculates the shape parameter ¢ = (8 /4)

and boundary layer thicknesses A, 6, and 8 * at an axial point x for
given values of 6 and ¢.

210

For¢f = 1
o (f-n-L
9 I, ’
]
6—‘;1-:[: Iy
where
1
¢ I n+1
“(a ﬁ‘mz) -
Forg¢ <1
0* _(l/m-L - L
9 I, + I ’
0
& =
n(14+ 15)
where

1

n+1
P2 lrn)T
o "1

An iteration procedure is used to evaluate ¢.

1. An initial guess gg is made.

2. For the value of t‘g (= 1 or < 1) appropriate functions of

B/pe have been defined in subroutine FIIF, and :he proper integrals

are evaluated using subroutine INTZET.

1/n

(6)

(7)

(8)

e L £ e
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s

, ' 3. The term ¢ is calculated by the appropriate formula above,

4, A relative error comparison is made. If

t -¢ h
£| = 10LZET
‘g

convergence is considered to be satisfactory, If not converged, a
form of Wegstein's method (see step 42) is used to calculate a
new guess for gg, and steps 2 to 4 are repeated up to a maximum

of 50 iterations,

The boundary layer thicknesses 8 *, 8, and A are then
calculgted according to equations (4), (5), (7), (8), and
A=¢706.

COMMON BLOCKS

COMMON blocks COFIIF, INPUT, INTER, OUTPUT, and SAVED are
used.,

. ey

TBL SUBROUTINES
Subroutine BARPRO calls ZETAIT.
ZETAIT calls INTZET.

FORTRAN SYSTEM ROUTINE

No FORTRAN library routines are used.

Built-in FORTRAN function ABS is used.

] .l”,.' . '

CALLING SEQUENCE
The subroutine calling sequence is

CALL ZETAIT
SOLUTION METHOD

1., ERASE1 = (PHI)/(THETA)

Save thevalue of ¢/0 ‘ -
211 i
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Set indicator to evaluate integrals. ..
2. IFINT = 1

1/
An iteration procedure is executed to evaluate ¢ = (A/6 )" in

the following Do-loop, using an initial guess gg.

3. Do43 1= 1, 50

Save n = (MZETA) used in the exponent of the velocity equation
4, MMINT = MZETA

Save the wall enthalpy Hw = (A) defined in subroutine BARPRO.

5. AFINT = A
%

initial calculated in

Approximation of ¢, initially using gg = (¢/0)
st..outine BARCON,

6. ZETAG = ZETA

Check whether the temperature thickness A exceeds velocity
thickness 6 .

7. If ZETA = 1,0, goto 19

If ZETA < 1.0, goto 8
Save H - HW = (B) which is determined in BARPRO,
8. BFINT = B

Calculate the dynamic enthalpy multiplied by square of ¢ with minus
sign,

9. CFINT = (C((ZETA)?*

10, CALL INTZET0.0, 1.0, ZI1P)

Divide B = Ho - Hw by ¢ .

A IR Y
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11. BFINT = (B)/(ZETA)
U

3

| Save dynamice enthalpy with minus sign - -23- .
12, CIFINT = C

‘

. Call subroutine INTZET to obtain I, = f [-)ﬁ (1 ~ 8)s as.
0 o

13, CALL INTZET(0,0, ZETA, Z14)
Save stagnation enthalpy H , where A= H and B= .7 - H ,
A _ 0 w ) w
14, AFINT = A + B

Set

15, BFINT = 0,0

16, CALL INTZET(ZETA, 1,0, ZI5)

61, + 1)1/n+1

Calculate ¢ according to ¢ =<b- _LI'__ﬁ
i

17. ZETA = ((ERASE1)(Zl4 + 215)/(z11p)) 2 ETA

18, Goto 31

Save (H, - Hw)/g.

19. BFINT = (B)/(ZETA)

U2
Save (-—2E . >

20, CFINT = C

S e ue ey £j g e s

1
Call subroutine INTZET to obtain I; = f pﬁ s" (1 - 8)ds.
o

e
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21, CALL INTZET(0,0, 1,0, Z11),

Save H - H = (B).
0 w

22, BFINT = B

UZ
Compute - -—23 2,

23, CFINT = (C)(ZETA)?
Set (1/¢).

24, ERASE2 = (1.0)/ (ZETA)

1/t
Call subroutine INTZET to obtain I} = f 52- Wn (1 - W)dw.
) e

25, CALL INTZET(0.0. ERASE2, ZI2P),
Save (n - 1).
26, MMINT = MZETAM

2
Calculate (HW - Ue/2).

27. AFINT = A+ C
Set
28. CFINT = 0.0

1
Call subroutine INTZET to obtain Iy = [ & w1 - wyaw,
1/§ e

29, CALL INTZET(ERASE2, 1.0, ZI3P)




1
n+ i

Calculate ¢ by an appropriate formula 7 = g-’ -—I-LI-,- .
I, + -E"-

30, ZETA = ((FRASE1)(Z11) /((Z12P + ZI:}P)/(ZETA)))RMZEFA

Determine the relative error (¢ - cg) /z;g.

31, DZETA = (ZETA - ZETAG)/(ZETAG)
Check whether convergence is obtained,
32. If |DZETA| < TOLZET, go to 46
If IDZETA| = TOLZET, go to 33
Check the Do-loop counter,
33. If I = 2, go to 37
IfI <2, goto 34
Save ¢ inthe caseof I = 1,
34, Z4 = ZETA

Save ¢ .
g

36, 22 = ZETAG

36, Goto 43

Save Z4 and Z2 when I = 2,
37. Z3 = Z4

38, Z1= Z2

215




Set

39. Z4 = ZETA

ZETAG

]

i 40, Z2

il

41, 725 = (Z4 - 23)/(Z22 - Z1)

Approximate a new gg using a form of Wegstein's method.
42, ZETA = (24 - (25)(22))/(i.0 - Z5)
43. Continue

Print out the error indication of shape parameter iteration failure,

44. WRITE X, ZME, THETA, PHI

45, WRITE Z1, Z2, ZETA, Z3, Z4

Proceed with calculation when convergence is obtained.
Set IFINT equal to two.

46, IFINT = 2

Save n in the exponent of velocity protile.

47. MMINT_ = MZETA

Save wall enthalpy Hw.

48, AFINT = A

T ULe g €l YL o

Save (H - H )/k.
o w

-

49, BFINT = (B)/(ZETA)
Save ( -U";/Z).

50. CFINT = C
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|
] Calculate ¢".
]
f 51, ZETATM = (ZETA)ZMZETA
;
) Check whether ¢ exceeds one, L

52, If ZETA = 1.0, go to 60

If ZETA < 1.0, go to 53

£
Call subroutine INTZET to obtain I = | p—p— s"as

in the case ¢ < 1,0. o e

o 3

53. CALL INTZET(0.0, ZETA, ZlIs).

f=Selp~ ~ar - <

Save stagnation enthalpy Ho'

54, AFINT = A+ B
Set ‘ i
’
55. BFINT = 0.0 i
4 n
Call subroutine INTZET to obtain I; = f £ g"s.
t Pe
56. CALL INTZET(ZETA, 1,0, ZI7). | gj
Calculate (I, + I5). H
ki
57. ERASE2 = ZI4 + ZI5 ?
;];- _ Is _ 17 R :
Compute 0*/8 = e inthe caseof ¢t = 1, t.e., 0 = A,
¢t 15

58. DELSOT = (OOMZET - ZI6 - Z17)/(ERASE2)

0

Obtain the velocity thickness 6 = H—(—IT'-" n)
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59, Go to 67

1
i Call subroutine INTZET to obtain I, = [ £ s"ds
inthecaseof ¢ > 1, i, e., £ < A, o e

60. CALL INTZET(0.0, 1,0, Z12),
Save (n - 1),
AR 61. MMINT = MZETAM

Save (H_ - U%/2).
w e

62. AFINT = A + C
Set

63. CFINT = 0.0

Call subroutine INTZET to obtain I; = j p_p_ s"1as.
1 e

64, CALL INTZET(1.0, ZETA, ZI13).

Obtain the velocity thickness 0 = _1;91_ .
1

65. DELTA = (THETA)/(ZMZETA)/(ZI1)

8% ¢"/m -1, -
Compute = ¢/m-L -5
g 1

66, DELSOT = ((ZETATM)/(ZMZETA) - ZI3 - ZI2)/(ZI1)

Cbtain the temperature thickness A = cn 0.
67, BDELTA = (ZETATM)(DELTA)

Obtain the displacement thickness 0%,
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68,

69.

DELSTR = (THETA)(DELSOT)

Return

Subroutine ZETAIT nomenclature is given in Table 17,

TABLE 17, SUBROUTINE ZETAIT NOMENCLATURI.
Symbol Description Units Reference
A Wall enthalpy H defined | it?/sec?® | /SAVED/, 5, 14, 27,
W 48, 54, 62
in subroutine BARPRO > U
AFINT Saved value of A ft?/sec® | /COFIIF/, 5, 14, 27,
48, 54, 62
B Stagnation enthalpy ft’/sec® | /SAVED/, 8, 11, 14,
minus wall enthalpy 19, 22, 49, 54
calculated in BARPRO
BDELTA Temperature thickness A ft /OUTPUT/, 67
BFINT Saved value of B or ft’/sec’ | /COFIIF/, 8, 11, 15,
B/ZETA 19, 22, 49, 55
C Dynamic enthalpy with ft’/sec? | /SAVED/, 9, 12, 20,
minus sign (-Uze/z) 23, 27, 50, 62
calculated in BARPRO
CFINT Saved value of zero ft*/sec® | /COFIIF/, 9, 12, 20,
(_U2e/2) or (- g2U26/2) 23, 28, 50, 63
DELSOT Displacement thickness _— /OuUTPUT/, 58, 66,
divided by momentum 68
thickness &% /9
DELSTR Displacement thickness ft /OUTPUT/, 68
O *
DELTA Velocity thickness 0 ft /OUTPUT/, 65, 67
DZETA Relative error —_ 31, 32
(¢ -¢ g)/; .
ERASE1 Energy thickness divided — 1, 17, 30
by momentum thickness
9/6
ERASE2 Temporary storage — 24, 25, 29, 57, 58
variable
1 Do-loop counter —_— 3, 33

ﬁf o b ST~y T T e e gyt e S W)

219




TABLE 17, SUBROUTINE ZETAIT NOMENCLATURE (Continued)

Symbol Description Units Reference
IFINT Switch indicator for —_— /COFIIF/, 2, 46
calculating integrands in
subroutine FIIF
MMINT Exponent for integral J— /COFIIF/, 4, 26,
evaluation 47, 61
MZETA n. in the exponent of the —_ /INPUT/, 4, 47
velocity profile
MZETAM | n -1 — /INTER/, 26, 61
OOMZET | 1/n — /INTER/, 58
PHI Energy thickness ¢ ft /OUTPUT/, 1, 44
RMZETA | 1/(n + 1) — /INTER/, 17, 30
THETA Momentum thickness 6 ft /OUTPUT/, 1, 44,
65, 68
TOLZET Tolerance for ¢ iteration | — /INPUT/, 32
X Axial distance ft /OUTPUT/, 44
Z1 Previous value of ¢ —_ /OUTPUT/, 38, 41,
45
Z2 Saved value of ¢ —_ /OUTPUT/, 35, 38,
40, 41, 42, 45
Z3 Previous value of ¢ —_— /OUTPUT/, 37, 41,
45
74 Saved value of ¢ —_ /OUTPUT/, 34, 37,
39, 41, 42, 45
Z5 (Z4 - 23)/(Z2 - Z1) — /OUTPUT/, 41, 42
ZETA Shape parameter J— /OUTPUT/, 6, 7, 9,
_ 1/n 11, 13, 16, 17, 19,
t = (6/4) 23, 24, 30, 31, 34,
39, 42, 45, 49, 51-
53, 56, 64
LZETAG Approximation for ¢ —_— 6, 31, 35, 40
ZETATM | t" — /INTER/, 51, 66, 67
T
Z11 L=/ p—p- s"(1 -8)ds | — /SAVED/, 21, 30,
0 e 65, 66
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TABLL 17,

SUBROUTINE ZETAIT NOMENCLATURE (C ontinued)

Symbol Desceription Units Reference
! n
712 L= | -{-f’-— s"as _ /SAVED/, 60, 66
0O (&
& p _n-1
713 L= | k. Thds —_ /SAVED/, 64, 66
(6] e
ST e
714 I, = 5 S (1 -8)dS | — /SAVED/, 13, 17, 57
(o} e
P
Z15 =) —s8(1-8)dS |— /SAVED/, 16, 17, 57
t e
- p_n
716 I = f —Sds — /SAVED/, 53, 58
0 C
1 P n
Z17 L= [ £ s — /SAVED/, 56, 58
g e N
) I
) :
ry [ - P n 2
ZI1P = | Z=w(1l-Waw |— /SAVED/, 10, 17
o c
1/t b n
Z12P =/ o= W1 - W)aw| — /SAVED/, 25, 30
) e
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. ‘ 1
SRR ‘ TABLE 17. SUBROUTINE ZETAIT NOMENCLATURE (Concluded)
' : Symbol _ Description Units Reference
1 n-1 L
Z13P = Lw''a-waw| — /SAVED/, 29,
17t Po 30
§ 7ZME Mach number in free —_ /OUTPUT/, 44 ]
stream
ZMZETA | Real value of n — /INTER/, 51 i
’a
i
8
|
t
»:,.
] . ?
f *
| :
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APPENDIX. DERIVATION OF EQUATIONS [1]

This appendix is a complement to Reference 1 and covers the deriva-
tion of important equations in detail from section 2,2 to 2, 9. The equation
numbers are identical to the ones in Reference 1,

Derivation of Equation (7)(Displacement Thickness)

The potential nozzle flow can be considered identical to the flow in a
real nozzle from the nozzle axis to the nth streamline close to the nozzle
wall, In addition the flow field would extend a distance 6;) from the nth

streamline to a fictitious potential wall if the flow would possess the core
flow properties, The real flow, however, extends a distance 6'r from the

nth streamline because of the existence of a boundary layer. The mass flow
rate 1 through the potential flow-field extension 6;) must be equal to the

flow-field extension 6;. considering real-flow behavior,

This postulation provides the key relating the real-flow condition to a potential-
flow equivalent and makes it possible to determine the displacement

thickness " which identifies the dislocation of the potential wall to account
for the real-flow behavior. Introducing equations (1) and (4) into the previous
equation results in

6'
r
27r pwaéi) = 27r j;) pudy
i o
r
6' = c——— ud
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Derivation of Equation (10) (Momentum Thickness)

Using equations (2) and (5), the deficiency of momentum flux in the
real flow as compared to the potential flow can be represented by
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2 t . r 2
p r 2rr pwa 6p nr fo pu* dy

=2
1
=
f

n

o! 2
amr p U2 (6;) - f r euw dy) .

2
° pOO [+~]
Introducing equation (7) yields
6!
5v=av-{r<1-”“)dy,
p roov, e U
6! t uZ
- - 2 | B - ..E."_l._ - r _p
Mp M, = 2mr p U2 [6 f (1 PG )dy . dy]
0 © oo o] pwa

ot
2 r pu _ u
2rr pwa f p_U ( -—Uoo )dy ,

0 © oo

where the integral represents the momentum thickness 6.

Derivation of Equation (13) (Energy Thickness)

Applying equations (3) and (6) yields the deficiency of enthalpy flux of
the real flow as compared to the potential flow.
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O!

. . r
) - "l = ¢ — 6' - -
I«,p hr arr p U (H(J Hw) p 2rr fo pu(h0 Hw) dy

6;‘ pu hO - Hw
- ' - .
= 2mrop U (H - H ) [6p fo X <H0 'y dy

Using equation (7) results in

5
t o= & - r _ Pu__
6p 5! Il (1 b U >dy ,

P et

0 o0

ol
. _ * - _ 1 _ r - pu
E - E =2t p U (H - H) [ar fo (1 P )dy

6'1' ou hO - Hw
= 27r pooUoo (HO - Hw) fo 'IZI-J; (1 - ———w- )dy

The integral represents the energy thickness ¢ .

Definition of Boundary Layer Thicknesses

Displacement Thickness

ot
s r u '
= t - O = -
) 8 5 f <1 p—LU ) dy .
o © w
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Momentum Thickness

!
r u 0
o= [ —B-———p (1~—-—U >dy .
Q [ o BN o] o

Energy Thickness

o!
¢=fr[_3_2%_<1—t;1:>dy .

0 )

Derivation of Equation (16) (Skin Friction Coefficient)

The friction coefficient is defined by the force in direction along the

. F . .
wall per unit area X Tw made dimensionless by the dynamic pressure

Equation (17) (Stanton Number)

This dimensionless parameter can be interpreted as the ratio of the
heat flow density emerging from a wall for each degree of temperature
difference between the wall and the fluid and the heat flow density convected
by the flowing medium for each degree of temperature difference.

EECP Yy

_rw

Nu
t =
S RePr '
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A A

“ - where

=2
o

Nu =

!ls ’}M

4
yl.ug

h_ = specific heat transfer coefficient ,
(contains all influences caused by properties and flow conditions) , !

A = heat conduction coefficient (is a material constant) ,
£ = characteristic length
Therefore, the Stantcn number can be expressed by

St

Cpp.=° Ucm !

|
}n | 8
LR ST N e

Q
"

specific heat at constant pressure,

density.

©
]
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The total heat flow between a surface and a fluid is

Q = th (TF - Tw) ,

Q ) _
A= Gy = B (T T,)

or since

h=C T forC_ = constant,
p p

q

W

St = ;

- H . :

P U (Haw w) :

:\}.

Since T F is the temperature which a specific location on the surface assumes x4
when the convective heat transfer is zero, it can be considered as the recovery *

temperature. The corresponding enthalpy expression is the adiabatic wall
enthalpy.




Equation (18) (Adiabatic Wall Enthalpy)

When a gas flows past an insulated or adiabatic surface, the tempera-
ture at the surface will rise above the temperature of the free-stream gas
but will not quite reach the total temperature, The temperature at an adia-
baiic surface Taw is called the adiabatic wall temperature,

In practice it has been found convenient to relate Taw and. Tc’o by

the recovery factor RT , which is a measure of the fraction of the free-

stream, dynamic-temperature rise recovered at the wall, The term R

is defined as T

T - T T - T T
aw o0 aw 00 2d aw
RT = T = = -1 .
0 % u? o - ML \T
2¢c J
o g
The derivation of this equation is shown below.
Taw - Tco . (Taw - Too) 20ng
2 2 '
Uoo U? 2
ETRTE ®
p
UOO
where speed of sound is a = Ny g R T Mach number M, = rul
o«
Therefore,
Taw - T, . (Taw - Too) ZCng
2 2
Uoo Ma v &R Tco
—— )
2¢ Jd
p g
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Introducing the thermodynamic relationship

R=C_-C
p v

results in
- T T - T 2¢ d
aw © _ aw o p
| y? To y(C_ - cC)M
. p v a
i o0
i 2¢c gd
_ Taw = T 24J
- TQo Cv
1 - — 2
p [ e}
~ Taw ~ T 2J
Too v (1 - l ) M2
o0
_ Taw\ - Tao 2J
— T 2 L ]
w (v - 1) M ;
-]
<—Tm->l : ¥
T | -
a2 —~|  TEMPERATURE PROFILE P
|  FOR HEAT FLOW FROM
TEMPERATURE PROFILE . | THESURFACE ~—
FOR HEAT FLOW TO ~._ <
THE SURFACE \ N
|
AN
77777777 A77 7777777777 777777777
u-—’l".W
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For turbulent boundary layers the recovery factor RT can be approximated
by the relation

3

RT’-‘-'\IPr .

The ratio of the adiabatic wall enthalpy and the stagnation enthalpy is defined
as

2

I .

Haw _ h + RT )
Ho U?
h+ —

where RT = recovery factor [the fraction of dynamic enthalpy (or tempera-

ture) which. is recovered],

U2
w — .
5 = Cp (T0 - Too) = dynamic enthalpy,

h = free-stream static enthalpy,

Rearranging the previous equation yields

U2
H 1+ R, —
aw T 2h
- >
Ho U?
o]
1+H

1
and introdu ing the recovery factor RT = Pr /3 for the turbulent boundary
layer results in
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¥
Ha 1+ Pr oh
H0 N Ufo '
1+ —'Z-'h—
e 3
Derivation of Equation (21)
4
o
L4
*
P+ &d% Ax
P —> 5 4
P . d™
M, - — M, + a;" Ax
= Ax >
Since the gradient of momentum flux for the potential stream tube of .

area A = 2mrd' should be balanced by the pressure gradient acting over

o
the same area A , we obtain the following equation.
dM 4P
M +—L Ax)-M =|P-(P+—-= ax)|2mré .
p & P dx p
Thus

dMm
_pP_ dpP
dx ATr éi) dx

‘From now on the subscript = is omitted for convenience.
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Qo Derivation of Equation (23)

For the real [low the viscosity effect appears. Therefore the first
equation in the previous seetion is modified as

dM .
. r , dp .
M e A ) M s | P - (P = AX) 200 O - 2 AxT
r | r x w

dx dx
Thus
) M
,‘!, > (ll)
" T I 2rr T .
-_; (x rodx w
H

Derivation of Equation (24)

Beginning with equations (22) and (23)

..(.l.. ¥ . 2 - [ * d_P
T (I\‘lr + 27nr pU @) = 27r (6r 6 ) ax

ESll 35 TP

4 (M) = - 27r7 - 27rd dp
dx r w r dx

and subtracting these equations from each other yield

d 9 * dP

- (27p 2 - + — .
. (27r pU~ 6) 21rrTw 27mréd dx ¢
3
After factoring out 27, one obtains . s
r
d ) x dp
- L9 == + 6 — . *
dx (rpU™6) Ty r dx s
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, I Application of the Euler equation

p Ay
: ax " PY ik
}‘ yiclds
A oute) - e - e oy S
X (rpuea) = lTW ré pu ax .

Derivation of Equation (25)

" o _ - The left-hand side of cquation (24) is derived by parts, and 7 _ is
' substituted by equation (16). w

w2 90 e S L g 92 L gz 4 vpue * g W
Y ax TP Tax r ax P dx =~ 2 -ro el e
rpU%C ‘ ) 9
* o U _ du® 25 42 2 QL
do _ 5 ré pU dx rpé ix rU“o dx puU“ 6 dx
dx rpU?
C * 2
do _f _ o du _ g dut g dp _ & dr
dx 2 U dx U? dx p dx r dx °
c &
d _ 1t _,(edu, L ddUu_ fdo  Ldr
dx 2 U dg«¢ U*dU dx p dx r dx ’ ‘
o, (&
0t _ ,(Ldu, 2udu tde, Llar) :
dx 2 U dx U¢ dx p dx r dx -
2
C 8 »'
dx 2 U dx U dx p dx r dx i
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|

T

Ll

%
99-32_9<9__99+_1.9.t_u1..a_q
dx 2 Udte Udx Udx

C (ﬁ'fl
@_t (T a1 1w
dx 2 U dx Udx pdx

Consider only the two terms

dx .

d
—dx(an+1np)

dinx _1

dx x °
one can write
1dU 1 do _dlnU dU, dinp dp
U dx p dx U dx de dx
: _dlnU, dinp
B T dx dx
'y

[ In (Up)]

d
dx

_d [in(Up)] dup

dUp dx
_ 1 deu
pU dx °
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Substituting this into the previous cquation results in

Qloi:e

C. + 1
dx 2 U dx pU dx rodx

Derivation of Equations (26) and (27)

Geomeltry !

dz

|

(dx)? = (dr)? + (dz)? |
1 .

dx s [(dz)? o+ (dr)z}/"’ "

1 {
dx dr\ 2172 darye ] 72
s _[1+<-(T;-)J —-dx:dz[1+-cTZ-

Substituting this into equation (25) yields

C 1+ 6— :
do S S 0. du .
2 /2 2 2 1/2 r
, dr U dr)
dz [1+ dz)] dz[1+(dz :l ;
bl v 1__dr :
ey ar\t[2 T ar) | ,
dz (1 +{ — dz [1+{—
dz d
J
C 2 1/2 1+ --
dz 2 (dz U dz = pU dz r dz '
This equation is applicable for axisymmetric tlow,
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I'or two-dimensional flow

1
r — o and ]— - 0

: P dx 1
; Y& dx = [((]y)2 + (dz) 2] /2
1
f .(l\_ f.]:Y, 2 .1 /2
| dz d. .

l- ' Substituting this into equation (26) yiclds

}‘,
i
.

5
B R S
AR dz w2 h 2 T e dz
,:1 + <ﬂ)2:l 2 U [1 + (91)2] 2
dz 7
N 1 dpU

1
2 /2 dz s
pU [1 + (%zz ]

Derivation of Equation (30)

a2

LR N . &

The change in energy along a streamline for real flow is equal to the heat
transferred between the fluid and the wall

o,
=
It

21rrqw dx

. : N 1

D " ‘

e 2my qW . ‘
{

(The sign of the right-hand term depends on the direction of qw V)

Heat fransfer from the wall to the fluid i

s indicated by a negative sign,
Another way of the derivation is given helow,
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|« dx ———]
o 1 . dE
E—|a "% —E ¢ —
r dx

177777777\ 1777777777

. dEr
Er -(l‘,r + ey clx>= —&ﬂrqwdx

cu::r
—d—x—= 21rrqw (30)
Derivation of Equations (32) through (34)
Beginning with equation (31) and differentiating by parts yield
4 [rpu B - H )¢l = rq
dx o w W ’
d(H - H)
. d 0 w dU
(H - a¢ A i au
rpU 'HO Hw) ax + rpU¢ ™ + I‘p(H0 Hw)qb ax
+rU(H-H)¢>d—p+ U(H-H)¢£=r
0 w'Todx P o w dx 9
Substituting q, by equation (17)
q. = C.pUH_ - H) E
w H aw w i
d¢ 1
ard solving for o yield .
dH - H i
A r'Cl{pl’”“uw B H\v) - pU¢ = 0(lx \V_) ~ (- Hw)‘p ?TE - rUH, - Hw’(p gd% - PUMH, - Hw)¢ %xs
& wpU(H - H )
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g
|
fi", 3
' d¢ cHaW—HW_(p 1 d(HO-H)+L£1_I_J+lQQ
' dx H o -H H - H dx U dx p dx.
i 0 w (0] w ’
) 1 dr
l 2 21
| rodx
| d(H - H ) dII dH
¢ - O w B [0} - w
dx dx dx )
Since HO is assumed to be constant,
dH0
& -0
1 du 1 dp 1 dpU o . .
T o + o dx - o0 ol [See derivation of equation (25). ]
Substituting these terms into the previous equation yields
@ o Jaw TPy t P 1w e
& - °HTH - & H - H & U d " rax )

For axisymmetric flow

dx

1
(dr? + dz2) 72

SR %

dz

/

RNk

uy o a

dx

dz

2 A
[ig)+1/2dz . ..

-y Moot

This equation substituted into the previous equation yields

i
@ _ H,, - H 1+£2/2_¢ 4 dH_
dz H\ H -H dz H - H dx
o) w (o] w
1 dpU 1 dr
Yoo traz ) 8
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i co For two-dimensional planar flow r — @ |

1o
r
ax = (ay? + axt)
g-x- .(lx2 1/

dz [(dz ) * 1] ’ ’
[(%)+ {I% dz

This equation substituted into equation (32) yields
- 1
4 _ . Haw =~ Hy {4+ (X :| %2 _ 1 de
dz~ "H\H - H dz \"H -8 &
o w o w

+p—U“dT). (34)

I

Q.
<
1]

Derivation of Equations (36) through (39)

The skin friction coefficient in a nozzle is assumed to be the same as
for a flat plate at the same free-stream conditions p, U, 4, T, M, the same
wall temperature TW , and the same momentum thickness ¢ . Unfortunately,

even this drastic assumption does not permit a completely reliable evaluation
of C £ since only the adiabatic skin friction coefficient C 0’ obtained when

T =T _ , is known accurately. The relationship between C_ and C, for
w wa f fa

severely cooled turbulent boundary layers, when gas properties vary greatly
between the free stream and the wall, is uncertain,

The most accurate method for computing the adiabatic skin friction

coefficient C fa is judged to be that of Coles [11], He employs a transformation

method which gives C, as a function of Mach number M and the Reynolds

fa
number R9 based upon the momentum thickness as defined by
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R == =— (k= pv)

For large temperature differences the propertics of gases cannot be
assumed constant, They depend very much on the temperature. Using the

Prandtl numbier, which contains basically only the propertv parameters of a
{luid,

y A

Pr = —
a'

vC p C
pr - 2 _ 5
A A

Since the dynamic viscosity p# and the conductivity A vary considerably
faster with temperature, one can rearrange

Pr

C—- .
p

>I=

This equation shows that for a constant Prandtl number Pr and constant
specific heat Cp, the heat conductivity A varies proportionally to the viscosity

p. Therefore the law of temperature dependence has to be prescribed for one
property only

mo~ T .
For ideal gases Reference 12 gives an equation for the dynamic viscosity

po= KNMT K is a constant
I = mclecular weight

or
o~ T

Assuming a reference condition (0) the above equations yield

m
Pi = %— . (36)
3 )

The exponent m is dependent on the temperature and varies between 1, 0
and 0.5,
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It is interesting to note that for m = 1 the dependence of the friction
factor on the Mach number and the ratio of Taw (wall temperature) and T
(stream temperature) vanishes, It may thercfore he expected that property
values introduced at a proper reference temperature situated somewhere
between the temperature extremes, encounterced within the boundary layer, will
causc the variation of the frietion factor with M and 'l‘aw/ 'l‘m to vanish, It

' has been shown that such a reference temperature exists. Using the latter
relationship

m
Boo_ (L
“(r)
(o] (o]

the equation for R 0 can be rewritten

=

m

R=M(T_0>
0 Ko \T )

T
In this equation the term (—f—) and (pU) can be replaced by relationships
as derived below,

Using the equation derived in step 7 yields

Taw = T _ (Tow = L) 2J
- - - 2 g
1= To°°_ 2J

o= _ Y = 1
A

o0

The expression pU is derived below, Starting with the speed of sound relation-
ship

a? = yRT
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and the ideal gas equation

B rr
P
results in
a? = YE.
P

Applying the Mach number definition

.U , _ U
M—aorM—? ,
U

M2 = =£

YP

(multiply and divide by p)

MZ - ﬁ
YPP

p*U? = yppM?

A
PU = M (ypp)”

Modification of the term in parentheses results in

YPP = ypPp popo
popo
_ Pp
=Y p D ’
pp, 00

Y
= = RT ,
P, 0

_ P
Po = RT ’
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. = .‘

yields

YPP

il
<

Application of the adiabatic relation between density and pressure

o _ e\
pO (pO)

!
2 2 r
i
wp=vpo p_<2_>/v
YRT P, \ P,
2 2 y+i ‘;
) YR, P v ‘
'yRTo po .
Using the following thermodynamic relationship
Cp - Cv =R
Cp - Cv ) R g
c, C, ’ -
¥
1 - L. -g— , ;
Y P .

R S TR
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together with the adiabatic relation of temperature and pressure

v-1

] Y
Zo _ (_pg>
T ~ \p '

and the previously derived equation

0 1
—_— Y - & 2
T 1 + ) M

yields
v:1
p Y
(_9> =1+ =ty
P 2
’\I/
p y-1
2 _ <1 + u M2) .
p 2

Substituting these terms yields

y+i
v’p, b\
-2
YRT, \ P,
Y7 vl
vzpoz y

-1 v-1
C.p (y - 1) T(> 2

Introducing this expression in the original equation (page 244) yields

i
v %
2.~ 2 - T
y*p y-1
= 0 y - 1 2)
pU M C v - DT (1 + 2 M
Myp,
- i
_ ) Y = 1 2 + 1
[C (y - 1) TOJ (1 + = M) TRy
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Coles [11] shows that the availahle data on the variation of C ’

.‘l
(adiabatic skin friction coctficient) with R, and M_ can be correlated within a
few percent hy a single curve

I 3} P

C, = —m (. . (37)
] fa
f Pawpaw l

Multiplying by 1{0 yiclds

- P
C fRG cC

aw aw

LR
a

i (38)

0 ]

where p and u are the density and viscosity evaluated at T and pu
aw aw aw 8

is the viscosity at a mean sublayer temperature TS given by

Y
Ts To Cf 2 To T Cf
'T—"'=1+17.2<'T——-1 e —305(;—--',1,——-5— . (39)
aw aw aw aw

It is evident that Cf and Rg are merely values of Cfa and Re for low-speed
flow, Coles!' relation between C £ and C fRe is shown in the Figure A-1,

oo

0,008\

0.007

0.006 A\

0.005 X
0.004 \
[V
3 ‘\%

0.003 o,
0.002
0.001
10° 10’ 10° 10° 10°

c(Ry

Figure A-1, Coles' relation between Cf and CfRe'
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1
}

For values of C 1.1{0 above 64, 8, the relation cmployed is the asympotic one

given by Coles [11],

)\ CR
— PR . 4 l . I$ . h
<Cf> 2,44 In 5 . 25,104 + 7,68
B
(1'
To permit the choice of a4 small initial boundary luyer thickness the
range below CfR{) = 2.51 is extended by
c = 0, 009896
e = 0. 562 .
f (C IR 6) ‘

Writing density and viscosity in terms of temperature, using the ideal
gas equation

2 Rr
P
Y RT
P aw
aw

and considering that at the same location P = Paw , one obtains

T
p_ _ _aw

paw T

S e £l R A e SR M a

L4

Applying the previously derived relationship of viscosity and temperature yields

1-m

m T '
“aW P aw THW T T
.‘ ~
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B v

Introducing the proper terms in equations (37) and (38) results in

€,

Cfa = - , (37a)

(T T

aw) ( 8 )
T T
aw

(Taw )l_m

CfRB =\ CfaRG . (38a)

Thus given all the gas properties outside the boundary layer and given 6,

then Ra can be calculated from equation (35). A value of C fa is then assumed

and equation (38) is used to find C fRo . However, C tR9 is related to C ¢

by the data in Figure A-1 and equations (37a) and (38a). Therefore, C, can

£
be found from CfR 0 ; but C fa is related to C_ by equation (37), Therefore,

f

the calculated Cfa is compared to the assumed C fa

formed until convergence is obtained. The skin friction coefficient is then set
equal to C fa’ which means that there is no effect of heat transfer on the skin

and an iteration is per-

friction coefficient,

Derivation of Equation_(40)

It is assumed that the Stanton number CH in a nozzle is the same as

on the flat plate at the same free~stream conditions p, U, u, T, M; the
same wall temperature Tw; and the same energy and momentum thickness ¢

and 8. The most accurate available relation for computing the flat plate
Stanton number is von Karman's form of Reynolds' analogy which relates
Stanton number to skin friction ccefficient, with a secondary correction for
nou unity Prandtl number as follows [13].
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This equalion is valid when the momentum thickness and energy thickness are
eyual 9 = ¢, Under the same circumstances R =R , where R @ is the

0 o

Reynolds number based upon the energy thickness delined by

l{ N P—-U—(B .
: b [z
o
; If R¢ is ormaployed instead of RH in the proceduce for computing the skin
, frictica cocefficient, a numher is obtained which is designated Cf(11¢) I
1 -
s ¢ =0, then CI'(Rcl)) = Cf and the Stanton number in this special case is
| C,(R,)
2
C,, = .
H 1 v
C.(R)) .
.5 | L2 i 8
1 5[:2 1 Pr+ln5Pr+1

Since CH must depend more on ¢ than on 6, this equation is considered

as the first approximation to C__ for unequal ¢ and ¢ as well., (The term

H
CH must approach infinity as ¢ approaches zero, regardless of the value of

6 .) When test data were compared with the previous equation, it was found
that the Stanton number and skin friction coefficient are insensitive to Taw/ T0

for cooling, which was assumed when C £ =C fo "

The effect of nonunity ¢/@ cannot be large for ¢< 9. However, test
data show same scatter, and a larger effect could be present for nozzles, :
since here ¢>6. To Ninclude such an effect, the final equation for CH is .

multiplied by (4)/(9)n allowing for a correction,

C.(R,) n
SRy’ (2)"
| Cy = 2.9 . (40)
; 1/2
' C.(R)) :
T - A _ 6
; 1 5 [ 3 ] [1 Pr + In (5 br 1 1):'
" . : 250 o
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While Cf(R‘P) varies approximately with the -Y, power of ¢ (Blasius

equation), the last equation for C
dependence on ¢ and 6.

1 contains the following approximate

R
By § g
6

Since CH must depend more on ¢ than on 6 and, in particular, must

approach infinity as ¢ — 0, it is evident that the upper limit for T is o= Y. .

An estimate of the actual value of n was made with a relationship of

n

o 1
)

which is the same as the previous equation for n = 3/28 =~ 0,1, Thus n
lies between zero and 0, 25 with some basis to choose 0.1,

Derivation of Equations (43) and (44)
QW = qu = 21rrxqw s

dQW = 2nmr q, dx .

For axisymmetric flow

&

1
(dr2 + dzz)/2 ,
1
dx dx dr 2 /2
dr a‘z‘ = (d_z) + 1

dz dx = [(%)2 + 1]1/2 dz ,

A
_ dr\? 2
de—zfrr%[(&-) + 1] dz .
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Z 2 %
e ] ol ']

For two-dimensional planar flow

ax = (4 + a2t
dx

dy 1
dx | [dy)? A
&~ |\az) "1 '
dz

dx = [(Qx)z + 1:|% dz ,

dz
I —» oo
A = 2Ty —

Therefore dividing by 27r yields the heat transfer per unit width

z i
_ dy\ 2 2

¢

Y
_ i}.’. 2 2
de = 2mr qW [(dz) + 1] dz ,

Derivation of Equations (45) through (47)

The total drag along a surface is represented by

D=CtA2£U2 .

For axisymmetric flow the drag in z-direction can be determined if the

_angle between the wall and the z-direction is known,
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tan = Q-l-
e dz ’
1 + tan®y = ——-§-—1
dx “« cos o '
dr { Fz
a | a 1
:“ . CO8 v .
* dz
A = 2mr X ,
. P 2
D=2 r‘irCf 2 U® x ,
The foree in z-dircction is
F =F cosca R
z X
— L .
dD = 2mr szd cos - dx s
Y
dr \? 2
dx \:( dz) + 1} dz ,
- 1/
/ \ 2 1 79
dp = 2mr C, & uv? (93\ + 1 cos o dz
f 2 z)
1/
Z /o
p o |fdr\
= ™ — — + .
D ({ 2rCf2U (dz) 1} cos @ dz (45)
For two-dimensional planar flow
r — e8]
2my —~ @ .
Dividing the equation by 27r the drag per unit width is determined.
Furthermore
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x 2 %
Y x dx = [(ﬂl) I+ 1] dz .
a dz '

4
The drag in axial direetion is

7 Do dy 2 1/2
¢ o= C. =1 — 1 d .
F J 5 [((lz ) 1] cos a dz (46)

The drag normal to the axial direction is

z Y
o = 2. 2 .c_il ’ : i
¥ horm ({ Cf 2 v [(dz) ¥ 1] sin o dz | . (47)

Velocity and Enthalpy Profiles Related to Equations (48) and {(50)

— U
T Yy BOUNDARY LAYER
j * u = fly) VELOCITY PROFILE
777777 77T 7777777777777 > X
& y 1/n
—_— = (= < . 48
5 (6) for y = 6 (48)

BOUNDARY LAYER
i—l ENTHALPY PROFILE

|
- >
! oI H - H,
I hy - H,, = fly)
——t—>/h_ =
! hy = fly)

o

|
T 77 777777777777 > X
v

h -H 1/n
L <£> forys A (50)
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Geometrical Representation of Possible Velocity and
Temperature Thickness Combinations for the Boundary
Layer and the Derivation of Appropriate Equations

) k |

ﬂ

A

A
v u = fly)
)

ho ~Hy = sly)

ST 77777777777 7777777777777

I. 6 =A
w1
(a)ysA 4, AN R
a Y
b) 6 <y = A 6’ (@) 1
Y
* [ 777777777777 7777777
. 6 = A
} (b)
(&) y = A

<

A /
(a)
Y
I 777777 7777777777777 77

0 = A: The velocity boundary layer is smaller than or equal to the
temperature (enthalpy) boundary layer,

Casel

(a) y = A Inthis case y can be within or outside of the velocity
boundary layer.
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T

For the whole range the velocity boundary layer is

cl=
1
i
Ot
N—
n
4]
1A
.

If y =230 — S=1 Outside velocity boundary layer.
Ify<d— 8 <1 Inside velocity boundary layer.

For the whole range the enthalpy (or temperature) boundary layer is

ho-Hw yl/n

—— [ = <
et (1) e
(o] w

If y< 06 =W < 1 Inside velocity boundary layer.
If 6 <y = A — w = 1 Outside velocity boundary layer.

When the velocity and enthalpy (temperature) boundary layers are
compared,

[
wse

and the following definitions result.

1/n f
s-(5)
1/n ;
ve(d)
1/n |

- (3)

Therefore the velocity boundary layer can be expressed by

- 3s
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u=U8 for 8§ =<1 ; (59)

whereas the enthalpy (temperature) boundary layer yields

ho B Hw S
E -8 VTy (60) F
0 w
h =H +2 (H - H) (61)
) w & o w

with ho the stagnation enthalpy within the velocity boundary layer. The !

stagnation enthalpy is composed of a static and dynamic portion.

e EET

u
h—h+§ . (62)

e

Substituting this in the last equation and making use of u = U S equation
(65) is obtained.

S Uz s d
= - - H - .
h=H + 7 (H_ W > (65) g
The density variation can now be determined from the universal gas '
equation
-bli = Rt (Pressure is constant across the boundary layer. )
..E = RT . g
P ,
o _ L
s =T (66} 3
- t
where T, temperature in the boundary layer, can be calculated from h' by . :
means of - ‘
h=cCct .
p
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However the results are only valid for

(b) 6 <y = A Inthis case y is greater than the velocity boundary
layer but smaller or equal to the temperature bound-

ary layer,

FFor this range the velocity boundary layer is

“_ (¥ - q -
U-(é) =8=1 . (69)

The second integral of equation {(75) is zero since it considers a portion
outside the boundary layer, whereas the first integral is modified according to

dy nSn'.lé

n-1
dy = nS 5 dS ’

T T

and finally reduces to

EIN 21

n \
S (1 - 8) 6 ds . : (76)

\

=Y

1
9=nf
o

In order to obtain the equation for the displacement thickness 8%, the
relationship used in the derivation of equation (76) is used. Furthermore the
first integral on the right-hand side cf equation (80) is evaluated.
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4 n L
n_fSn'1 ds:n(%—) 5
(0]

=

and the result appears in equation (81), In the third integral on the right-hand
side of equation (80) the relationship

al=

is applied since y is greater than the velocity boundary layer.

To obtain the energy thickness in equation (85), use is made of the
relationship as de.eloped for equation (76). Furthermore the following rela-

tion is applied.

S = W¢ ’
ds
dW - é ]

Case Il
6 = A The velocity boundary layer is equal to or greater
than the temperature boundary layer.
(a) ¥y = A In this case y is smaller than or at the most equal

to the temperature boundary layer.

(b) A <y < 6 Here y is greater than the temperature boundary
layer but smaller than or cqual to the velocity

boundary layer.

Equation (101) is equal to one because y is outside the temperature
boundary layer.
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For the momentum equation (106), the relationship shown in connection
i with equation (76) is utilized,

Also equation (111) represeating the displacement thickness 8% uses

t
; the relationship applied in equation (76). The first integral on the right-hand
T side is solved and results in

- n-1 1
' S " as=8" | =1,
(6] (6]

o For the momentum equation leading finally to equation (116), the

(. second integral is cqual to zero gince it represents a quantity which is outside

the temperature boundary layer, The first integral on the right-hand side is

reduced by substitution of the relationships developed in equations (76) and E

(85) resulting finally in equation (116). :
i

Thrust Degradation

In a real flow the boundary layer and its viscous effects cause an ISP
degradation, Furthermore, the potential flow field is narrowed because of the

presence of the boundary layer,

BOUNDARY LAYER

(1)

G

|
COMPLETE POTENTIAL
FLOW FIELD |

FLOW FIELD

.
‘‘‘‘‘

!
CHANGED POTENTIAL !
4

VISCOUS EFFECTS

PEEY SRR T

Subsequently the derivation of the equation representing the degradation
of thrust caused by the viscous flow effects in the boundary layer is presented o
in the following diagram, where p represents a contour of the potential (invis- _
cid) flow and r represents a contour of an exactly equivalent viscous flow such
that the pressure P along the normal to the wall y is the sameon r as on
p and the mass flow through r - n is the same as through p -n. The
velocity distribution is confined between n - r,
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—— r (REAL WALL)

p (POTENTIAL

NOZZLE WALL)

CONTOUR
nth STREAMLINE

' 5 cosa|® \s
6.’,cosa 8p r 8y u

ucosa

The mass flow rate of the potential flow through the area between p
and n is

1
ﬁ:l = 27Tr5 UP .
p p
The mass flow rate of the viscous flow through an area between r and n is
m = 2rmrd' Up .
T T

However U and p are varying with y such that

5'
' -
0 Up=frpudy
o

and

6'
h =21rrfr pi dy .
[o]

Al
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The momentum flux in z-direction is
M= thU

MZ = mUZ

such that for the potential and viscous flow one obtains

= t N
(Mp) ) (27r Gp Upm) (U cos a)
5v
(Mr) , = 2T fr pu? cos @ dy
i 0

Because of the definition, o is assumed to be constant between n and r,

5'

r
because - << 1; therefore,

51
(M)Z=27rrcosc.' frf')ﬁzdy .

r
0

Since the same mass flows through n - p and r - n, one obtains

m = m ’

P r
5t

2nrd! Up, = 27r frﬁﬁ dy _,

P 0
or _
o' = fr Py dy .
P o Pl

Subtracting 6; on either side

or
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T

- L %

l: O 51

| ! ] T r —ﬁ

! 5 -6 = dy - Ly
Y p 6r Y (Sf pr

il
S
—
N
-
H
= o
pt
c
~—
<

6 =6 =0
r P !
N
% |
é:,: - r _ __.E'._ .
I ()

e T Tt

Now, both momentum equations will be subtracted from each other

5|
1
k] - J = 6 _ r ——2
(Mp)Z (M), = 2mr o Up Ucos @ - 27r cos oz! pa? dy

¢ -

1 " 2
= omrp Ulcosa (6 - [V pY. d)
" CREE A

Ot
' it
= 2 cos B G >
2mrp U? cos o <6r f i dy
o}
0! o) - £
= 2mrp U?cos a [fr dy-fr (1 Fu—U-> dy :
) ) p
'

-

5'1. pi2
- f = W
Jop
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‘ 5‘ - e f)

- 2

L = 2mrp U? cos fr < pu_ PR > dy
(6]

= p U » U*
X 6 - _
i - ! " ]’]’2 cos o r _E.L_l._ - E—
arrp (_f P 1 g dy .

The integral expression however represents just the momentum thickness as
derived in equation (12).
> dy '

o'
- (¥ 2L
0 of -

s

1 -

N

Therefore

M) - (M) = 2mrp Ulcosa 6 .
pz rz -

Since the momentum flux is equal to the forces
M =F
and the forces F can be expressed by pressure P times area A

F = PA

one obtains

M = PA 'g;
Differentiation yields for the z-direction ';
dm dp dA :
@ " fEr*Pa \ 2
Assuming that the variation of the cross-sectional area at a station z to be
very small and negligible results in
dM dp
dz A dz )
»
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For the potential flow
t
A = 2nrd ,
p
t t
A = 2mrd = 2mrd cos o .
Z pz p
For the viscous flow
1
A = 27r1m§r ,

1 1
A = 2mrd = 2mrd cos ¢ .
7 rZ r...

Furthermore the shear forces must be considered for the viscous flow with

t
A =1hu=M .
w

-3

Tn this case the surface area along x must be considered

= 2Trx .

> .

Differentiating the momentum equation yields

T 27rr dx
w dx !

1l

Using the previously derived relationships results in the following
momentum equation in z-direction .

d (M )z '
——P-—=-21rr6 cos ¢ - .
dz p dz

(A negative sign was chosen since the pressure decreases with increasing z.)

d (M)
rz
dz

! dP
= = 27pd COS O — = 27P T .
r dz w
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Using the previously derived relationships yiclds

(M) - (M) = 2mrp Utcos a 6
p v rz s
i 1 [
! 6 - 0 0
i X p

for the potential case results in

d (M)
p
dz

E

Z d o 2 ! ~ dP
= — 2T ) = - : - O _,
1z [(Mr)z + 1r1pwU 0 cos oz] 21y (6r ) cos o el

Subtracting the equation representing the viscous case

d (M)

r Z

= _21rb' cos « de 2 rm T
dz r dz

from this one yields

d ) dP
L onp = & 4 o .
T, (2mrp U g cos @) = 21rd cos a o TRt T

d
Multiplying the equation by E?r- results in

d (rp U% gcos a) = 6" cos a dP + rT dz

Sclving for the Tw term and integrating result in

fr'rwdz=fd(rp Uzecosa)-frﬁ*cosadP .

.
[ N R R s il .Y = L e ol T

L]

According to a previous derivation, the force acting on the exit plane is for

e

1, Potential flow

A

(F) =mu+PA + [ paa
p ze C ¢ A b
Cc
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2. Viscous flow with the inclusion of shear forces

A A
(F) =mu+PA + [TPaa - [Fr dar .
r Ze c c r w T
A A,

-

(The subscript ¢ refers to chamber, )

The degradation in force caused by the viscosity and the shear forces
is equal to the difference between the potential and the viscous flow

A A
= _ = cp _ er
(AF) (Fp) o - (®) o 1{ P A { P dA_
(] C

f‘er

+ T _dA' .

A woT
c

The change in area normal to the z-direction as a function of z is

dA = 27r dr , P
r
//”}";: dz
dA 5 dr dr /;\9-—’3
z - W
dz
dA = 2mr dr dz .
dz

For potential flow

dA =21rrd—rdz .
p dz

ME 1At P e

4




L For viscous flow

d(r + 0* cos a)
d
dz

dAr = or(r + 8* cos a)

For shear forces

dA! =
T

om(r + 8% cos a)dz .

dz

n

z
(AF) . L 4z, -feP21r(r + 8% cos a)
o

Z
fePZ:rrr
o

z
fe T om(r + 0% cos a )dz
o

+

z Z
f P21rr = dz - fe
o o)

o

Z

*
+ feP'an a(®
o

dz

z
+ feP21r5* cos o
o

+ fe T 2n(r + 0% cos o )dz .
o

The first two integrals cancel each other.

z
e * dr
(AF)z _({ wP[G cos @ ==+ T -y

+ 0* cos a

d(d* cos a)]dz
dz
Ze
*
+of 'rw21r(r+ 0% cos a )dz .
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Introducing these expressions in the previous equation yields

d(r + 6* cos a)d

P21rr ey L dz + feP21r5* cos

cos a)d

d(8* cos @)

d(6* cos a)

dz

dr
L}
clz

dz__

g

et My (g oy ‘

1




- P .

o

o In the last cquation the following terms can be expressed differently.

*
0% cos o 9_1.‘.+ r.d_.(_a.._._gg.s—g—):.g-(ra* CcoSs a) .
dz, dz

* M: 114 % 2
0% cos a a7 3|3 (O cos® @)}

such that

o=

z
= c _(i. k3 _q_ %2 2
(AF) , -({ ZWP[dZ (r6* cos a) + = (6*2 cos® a) dz

z
e
+f 21r'r (r + 6% cos @)dz .
o

. 0* cos & . .
Since terms of — << 1, they can be neglected especially when higher

order terms are used.

.

omas

z z
f omp d ( 5*cosa)+f627'w7rrdz .
o )

The previously derived expressions on page 266"

fr'rw dz = f d (rp, U cos @) - f rb* cos o dP__

} :
S:
is substituted in the equation above, such that s
7
7, z g
(AF) . - -je omp d (rd* cos o) + fe 2rd (rp_ U cos a) *
e o :
z
_fe 2rrd* cos a dP .
o
i
1
i .
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Combining the following integrals yiclds

de (r6* cos a) + f vd* cos o dP = f d (Prd* cos )

The equation for (AF) , o be written
‘©

Z )
(A1) , = 21 fo d Prd* cos o) 1+ 2on f(' d (rp U% cos a)
e ) 0
2 7
= _2mPré* cos o | + 21rp U0 cos o IC .
0 )

Since the displacement thickness 6* and the momentum thickness 6
are zero at z = 0, the thrust degradation is obtained as

A = (- O + 2
(AF) 2 (-2mp rd* cos « 2rrp U0 cos a)exit ,

or

* P
(AF) =|2rrp U% cosa (1 - -—,5 .
z 6p U“ .
e exit

The result is only a function of exit plane conditions,

Derivation of Equation (122)

1+ 6%/9 dU

First the term ——— 3, °f equation (121) will be derived. The

energy equation states that

dh=C dt
p
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Multiplying both sides by y yields

c(y - 1) =yR — ¢ = .
p(w Y P 1
Substituting this expression in the energy equation yields

dh = —XB_ 41
'y—1

The steady-flow energy equation states

~ ~ P 2 _ U
Q—W=U1—112+£1—_2‘+212_IJ‘2'+Z1—22

Py Py
with
W =0 no work,
Q=0 no heat addition,
Z =0 no gravity effect.

The equation reduces to

~ ~ P, P, U}- U}
0=u1-u2+311-;22+—1—2——'-2-

By definition

<
]
o
=
+
c
Q.
c

T * n o ——— ey ——— g . e g ————
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Substituting the previously derived term yiclds

0 = :)’/“YB"T dl + UdU

2

Dividing the cquation by a® = yRT' yields

1 dT U? du

CeyTiT e
0 =3 "'-"L*'—“ '("!":{ M2 '(‘ly Wilrh M L 'I"I" 3

v - 1 U a
daT _ 2 dU
T - (1 - 'Y)M U [

. . dUu . . .
Now a relationship for T will be derived. Starting with the Mach
number definition
2

M=32 or M- %

a a

and representing the speed of sound a by

a = NyRT
result in

U2

YRT

Differentiating this equation in logarithmic form yields
Z2InM=2ImU-Iny-nR-InT ,

dInM) _, dlinU) dny) d(nR) d(nT)
dz dz = dz = dz dz '

2
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diln M) dM _ 2 d(lnU) dU _d(lny) dy d(lnR) dR

2

dM dz du dz dy dz dR dz
d(ln T) dT
T dr dz !

2 dM 2 du 1 dy 1 dr 1 dT
dz

— — e — — L, e— — —— e —

R dz T dz
Assuming that R = constant and v = constant and multiplying the
equation by dz result in
14T
M U 2 T °
and rearranging yields

du _dam _ 1dT
U M 2 T )

Substituting the previously derived expression for dT/T yields

aw_a 1 2 dU

T M +2(1-'y)M = ,
du 1 2]_dM
U[I'Z(l"y)M—M ’
du _ 1 M .

The first term in equation (121) finally results in

1+ 8/9) du ) 1+ 678 dM
U dz (1-12—'2 Mz)Mdz

The second term of equation (121) can be expressed by

4 deu) _ 1 du 1dp
pU dz ~ U dz p dz
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The first right-hand term has already been expressed by the Mach
number expression, The second right-hand term is derived from the ideal
gas cquation as follows.

o B
RT )
Differentiating by parts in logarithmice form yiclds

d(In p)= d(In Py - a(ln R) - d(ln T)

k]

d(ln p) _ d(ln P) d(a R) d(In T)

dz. dz, Todn T T ’

din p) do _ d(ln P)dP d(m R)dR d(ln T) dT

T —— Gm— | Semee—  — L ————— e | ————

dp  dz dpP dz dR dz dT dz.

1de_ 1 dP 1 dR 1 dT

pdz Pdz Radz T dz °

*cl%
o
lav)
a,
-3

Another expression for dp/p can be derived from the thermodynamic
adiabatic relationship

P

Y

= const

ey

Differentiating by parts in logarithmic form yields
d(ln P) - yd(lnp} d(ln const) .

Assuming that the specific heat ratio v = constant and dividing by
dz result in

d(ln P) y d(In p) _ d(ln const)

dz dz dz !
d(ln P) dp d(ln p) dp -
dp dz -7 ap dz '
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Lar 1
P dz Y pdz !
dp dp

A N

Final rearrangement results in

do _  dp _ dT
P L T )
or
dp _daT
p (1 - 'Y) - T .
The previously derived temperature-Mach number relationship yields
dp _ 1 2 dU
ra T (1 -y} M T
Thus

%=-M2 au
p U

Also derived was the velocity-Mach number relationship:

= - M2 1 dM .

[1 - (1—2—'—1)1\42]1\/1

‘Therefnre the second term in equation (121) yields

'ol%
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L dlpt) _ 1 du 14
pU dz U dz dz ’
- ! am M’ M
(1_.1:_2_'_'KM2>MdZ (1_}?"_1M2>Mdz
1 d(py) _ 1 - M dM
PU  dz (1—12—xM2)M dz
In replacing the appropriate terms of equation (121) by the just
derived expression yields
d St are 7% 1+ 69 M
% 72 |t (&) - 0 i 3
(1 - —21 Mz) M
1 - M? dM 1 dr
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